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Plane Sliders of Finite Width 
By DONALD F. HAYS! 


An analytical solution to the problem of the lubrication of slider blocks of fixed wedge angle and 
finite width is presented. The method of solution is by the separation of variables which yields 
results conveniently shown in curve form illustrating the various slider properties. The analysis 
is not encumbered by the requirement of numerical or graphical methods of evaluation as in the 
case of Michell, and is similar in nature to the solutions of Muskat, Morgan, and Meres wherein 
explicit analytical expressions are derived for the slider characteristics. The solutions appear 


in the form of convergent series. 


The present analysis illustrates the manner by which the separation of variables in Reynold’s 
Equation may be effected, completes the solution of the resulting eigenvalue problem, and 
shows the formulation of the expressions for load capacity, frictional resistance, center of 
pressure, coefficient of friction, and rates of flow. Typical pressure hills are shown as well as 

approximate flow patterns throughout the slider area. 


Nomenclature 


Ax, By = Series coefficients—nondimensional 
F = Frictional resistance—F 


Fy = Frictional resistance per unit width—F/L 


Wr = Vertical load per unit width—F/L 

H,(x) |= Struve function of order one 

Fn(x) = Bessel function of the first kind of order n 
B = Slider length—L 

P = Pressure—nondimensional 

Py = Boundary pressure—nondimensional 

Py = Particular integral 

Q(x) = Flow rate per unit width—L?/T 

O(s) = Side flow rate per unit width—L?/T 

R = Slider width multiplier—nondimensional 

U = Slider velocity—L/T 

W = Total vertical load—F 

X = Center of pressure—L 

Y,(x) = Bessel function of the second kind of order n 
a = > = > —nondimensional 

a, = a, + 1—nondimensional 

b = Slider taper height—L 

f = Coefficient of friction—nondimensional 

h = Slider height—L 

hy = Slider exit height—L 





Contributed by the ASLE Technical Committee on Bearings and 
Bearing Lubrication and presented at the Annual Meeting of the 
American Society of Lubrication Engineers held in Cleveland, 
Ohio, April, 1958. 

1 Research Engineer, Research Laboratories, General Motors 
Corporation, P.O. Box 188, North End Station, Detroit 2, 
Michigan. 
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h, = Slider inlet height—L 
p = Pressure—F/L? 
u, U = Velocity components in X, Y, directions— 
L/T 
x,y, 2% = Coordinate axes 
6,4, 2 = Transformed axes 
o = Tangent of angle of inclination of the slider 
m = Viscosity 
Bx = Eigenvalues 
Introduction 


A sysTEM composed of two surfaces in relative motion and 
separated by a thin layer of lubricant can be adequately 
described by Reynolds’ Equation (1). Although this equa- 
tion has been available for many years, considerable 
difficulty has been encountered in attempting to find 
solutions to this nonhomogeneous second order partial 
differential equation. As a consequence, many bearing 
problems have not been solved other than in the reduced 
form of a one-dimensional analysis. In those cases where 
two-dimensionality has been preserved, recourse has been 
made to numerical and graphical means. 

There are though, special cases in which the two- 
dimensional Reynolds’ Equation may be solved by 
conventional means and it is the purpose of this paper 
to treat one of these; the plane slider of finite width. In a 
paper by Muskat, Morgan, and Meres (2) it was shown that 
the method of separation of variables could be used in 
such an analysis and that explicit analytical solutions could 
be derived for the slider properties. The present analysis 
is similar to that of the above paper although not as extensive 
in that it is limited to thrust blocks of fixed wedge angle. 

The present analysis illustrates the manner by which the 
separation of variables in Reynolds’ Equation may be 
effected, completes the solution of the resulting eigenvalue 
problem, and shows the formulation of the expressions for 
the slider characteristics. 








234 
Solutions of Reynolds’ equation 


The finite slider block to be analyzed is shown in Fig. 1. 
It is of length B in the direction of motion along the X 
axis, it has a width RB along the Y axis, and operates at 
some minimum film height A, in the direction of the Z axis. 


< Y 


oe She” x 





[Po a ee 


Fig. 1. Diagram of finite slider. 




















The relative velocity between the surfaces is U and the 
tangent of the small angle of inclination is «. The film 
height distribution is given as 


h=h, + ox [1] 

The equation to be solved is Reynolds’ Equation which in 
terms of the above system assumes the following form, 

0[,.9 0 (,. P dh 

— (43 = a TS oes 

ali) + (Pa) =~ Ue 
It will be advantageous to introduce a change in variable as 
follows: 


ed y 
O=F+am =F (3) 
where . 
i 
a 8 
A nondimensional pressure term will be defined as 
Pe 
“<0 [4] 
Reynolds’ Equation [2] now assumes the form 
0 (,. oP 0 ( ,. OP 6 
sal za) + a(" 4) ~~ 3 <i 


A set of solutions of Equation [5] will be the sum of two 
parts: (a) a set of solutions of the homogeneous equation 
created by setting the right side of Equation [5] equal to 
zero and (b) a particular solution of the non-homogeneous 
equation. 

Consider first the determination of a particular solution 
of Equation [5]. It is noted that for a special P which is 
independent of ¢, the second term of Equation [5] drops 
out, and for such a P, 


d /,, dP 6 
a 
By integrating twice, the particular solution 
6 K, 
Py =—5— sat Ks (7] 


is obtained, K, and K, being constants of integration. 
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From a consideration of the physical problem it is seen 
that the pressures on the slider boundaries 9 = a, and 
6 = a, (the transformed boundaries x = 0 and x = B 
according to Equation [3]) are of uniform intensity P, 
which may be taken as zero. These two boundary conditions 
may be fulfilled in Equation [7] by appropriate values of 
K, and K,. The final form of Py» is found to be 


p. — —49 — 4X8 — a) 
Po (ay + @)6 


In solving the homogeneous equation it will be assumed 
that the pressure may be represented as the product of two 
independent functions of the variables @ and ¢ such as 


P(8,6) = O(8)P(¢) [9] 
Upon substituting Equation [9] into the homogeneous 
equation, it is found that the variables may be separated. 


8” = 36’ ” 
etw-=-p =F [10] 





+ Py [8] 


where primes denote differentiation. The common ratio is 
seen to be neither a function of 8 nor of ¢ and therefore it 
must be a constant f*. The solution of the second part of 
Equation [10] is readily seen to be of the form, 


o” — $2 — 0 
® = A sinh B¢ + B cosh Bd [11] 


where A and B are arbitrary constants. 
The first part of Equation [10] may be written as 





6’ 
6” + 9 + Of? =0 [12] 
If the dependent variable is changed according to 
6 
=F [13] 
then Equation [12] assumes the following form 
gal 1 
6" + 7? + ae 5) =0 [14] 


This is recognized as a form of Bessel’s Equation which has 
the following solution, 


@ = C7,(89) + DY,(f6) [15] 


where C and D are arbitrary constants, 7,(8@) are Bessel 
functions of the first kind of order one and Y,(86) are 
Bessel functions of the second kind of order one. 

If Pp is a particular integral of Equation [5], then 


= FO()M$) + Pp [16] 


is a solution of Reynolds’ Equation for all values of the 
constants A, B, C, D, and B. 

The five arbitrary constants arising in this solution are 
to be evaluated so that the boundary conditions on the 
slider are satisfied. These conditions are that on all four 
slider boundaries the pressure be of uniform intensity P, 
which may be taken as zero. Since the value of the particular 
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integral Py reduces to P, on the boundaries 9 = a, and 


6 = a, the following conditions are imposed upon 
Equation [16] 
G(a,)0(4) = 0 
[17] 
G(a,)0(4) = 0 


Since for interesting solutions, ®(¢) is not identically zero 
for all d , then 


Ch;(Bao) + DY;,(Bay) = 0 


C7,(Ba,) + DY,(Ba,) = 0 


The conditions of Equation [18] will be met for nontrivial 
solutions, if the determinant of the four Bessel functions is 
equal to zero. The expansion of this determinant yields the 
characteristic equation of the system 


Fu(4oB) ¥i(4:8) — Fi(%B) ¥i(408) = 0 [19] 


The only values of 8 that can be used are the roots of this 
equation, which are the eigenvalues. It can be shown that 
there are a denumerable infinity of these eigenvalues which 
can be denoted by Bx, & = 1, 2,3,..... 

Assuming that B, is one of the eigenvalues, substituting 
it into Equation [18] yields 


Fi 4B x) 
Dp =C 
FY, (aor) 
in which D; and C, are now values of C and D that are 
compatible with the selection of B = Bx. By substituting 


this value of Dy into Equation [15] it may be reduced as 
shown 


[18] 





[20] 


c 
6(6,Bx) = Flag Fi(Pe®) Y, (ap) 


— FulaoBr) ¥(Bx9)] [21] 


in which @ is now also a function of 8. The solution of the 
homogeneous equations were shown in Equation [9] and 
[13] to be of the form 


1 = ZA sinh fp + B cosh BONICH(B0) 


+ DY,(B8)} = [22] 


Of the four constants A, B, C, and D, there are really only 
three free choices because if A and B were made twice as 
large the same solution could be achieved by selecting C and 
D one half as large. Thus, it is permissible to assign a 
non-zero value to any one constant with no loss in generality 
except for the excluding of the solutions for which that 
constant is zero. Therefore, it is convenient to set 


Cr = Yy(apBx) [23] 
Then Equation [21] takes the form 


O(4,Bx) = F:(Bx9)¥s(aoBx) — Fr(@oBe)¥i(Bx9) [24] 
From Equations [9], [11], and [13], the function 


P($) = 5 [4 sinh fp + B cosh $108) [25] 


is a solution of the homogeneous equation and meets some 
of the boundary conditions for all values of the constants 
A and B and for f equal to one of the eigenvalues £,, 
ey In order to meet all of the boundary conditions, 
more degrees of freedom will be needed than are offered 
by the three constants A, B, and f. For a linear 
homogeneous equation, any linear combination of solutions 
is also a solution; thus the sum 


1 @ 
POO) = 5 > [Ansinh Bag 


+ By cosh BrgJO(0,8x) [26] 
is a formal solution for all choices of A,, Ag, 
B,,... and B,, Bo, ... 

Adding the particular integral given by Equation [8] 
to the solution [26], a solution of Reynold’s Equation that 
meets some of the boundary conditions for the finite slider 
block takes the following form. 


‘o.. 

P(8$) =3 yu sinh Bip + Bz cosh Bxf] (0,8) 

k=1 
_ (8 — a9 — a) 

ody + a) 

where 6(6,8%) is given by Equation [24]. 
The coefficients A; and B; should be determined so thzt 
P satisfies the two boundary conditions that the pressure is 
P, on the boundaries ¢ = 0 and ¢ = R (the transformed 
boundaries y = 0 and y = RB). Therefore, when ¢ = 0, 





+ Py [27] 


@ 


P, = P(6,0) = ; > 280682) 





k=1i1 
6(9 — a9 — a) 
"Na teye the 28) 
It can be proved that 
| 08(,22)8(0,8i40 = 0 for k x 1 [29] 


Thus by subtracting P, from both sides of Equation [28], 
by multiplying by 620( 8,81) and by formally integrating 
from dy to 4, all terms of the series except the one for which 
k = [drop out and one obtains 

a 


0 = Br | 6% 0,Bx)d0 


a 


ere 
~ as | (0 — a0 — a,)0(0,82)40 [30] 
| (6 — a,)(8 — a,)@(0,Bx)d0 
6 2 
*  a(dy + 4) ry [31] 
| 06*(0,8,)d0 


a 


B 
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Since P = Py, when ¢ = R, by the same technique, 
_, ee 
P, = P(0,R) = 5A x sinh ByR + B; cosh By RJO(0,Bx) 
k=1 
_ (8 — a9 — ay) 
P. 32 
Ha, + aye +7 (2) 


= [Ax sinh 8yR + By cosh eR] | 08%(0,8,)d0 
a 
a ie (0 — a,)O(0,Bx)40 [33] 
a(dy + 4) ” ee 
In this equation, By can be eliminated by means of Equation 
[31] and the result solved for Ay. However, the result can 


be expressed more elegantly by eliminating the last integral 
by using Equation [31]. Thus, 








cosh ByR — BR 
Ay = — B; m5 ae — B, tanh —— ey [34] 
By letting 
1; 
By = = Bx [35] 


then the final form for the formal solution of Reynolds’ 
Equation which meets the boundary conditions for the 
finite slider block becomes, from Equation [27] 


1 a 
P= 35> Bel cosh Bub — sinh Bed tanh 22” el 0(0,Bx) 
k=1 
_ 6 (8 — a (9 — a) 
Py 
Hay + aye * 
where 0(0,8x) is given by Equation [24] and By by 
Equation [31] and [35]. 
In order to evaluate Equation [36] and determine a 


pressure distribution, the series coefficients B, must be 
found. After considerable reduction, B; takes the following 





[36] 





form. 
12| Pe (5A (cP) — ‘inh + Hag) ~ =| 

ie 
pr*| aimless) — | anaes) +5.) (37 

where 


No 4Br) = ¥i(aoBx)Fo(%Bx) — Fil4oBe) Yo(asBe) [38] 


The term H,(a,8%) appearing in the expression for B, 
is the Struve function of order one which is defined as 
follows: 


: (5) +1) 





r=0 


#4) = >(-1" 1 : ae) [39] 


2 





Hays 


The eigenvalues, 8x, are found by solving the character- 
istic Equation [19] with various values of a). The physical 
significance of ay as the ratio of minimum film height to the 
slider taper height is seen in Fig. 1. By using a digital 
computer, the first ten Bz values were determined for a 
series of a, values ranging from 0.2 to 5. 


Load equations 


The total vertical load which the slider will support may 
be found by integrating the pressure over the bearing area. 


B RB 
w = J [rset [40] 
a, R 
W = »UB J Jpavae [41] 


Upon integrating Equation (41), the nondimensional load 
term per unit width is 


PAG) mares alt se 4 


£25 Ba annals 


asp) + =] [42] 
where 7(4,8x) is given by Equation [38]. 


Flow equations 


In the case of the finite slider bearing, the total side 
flow may be found as the difference between the flows at the 
leading and trailing edges. The flux per unit width through 
any plane normal to the direction of slider motion is given by 


Uh h® op 
As) = > — ig as [43] 


where fh and the pressure gradient are evaluated at the 
section through which the flux is desired. The rate of 
outflow per unit width when evaluated at @ = a, reduces 
to the following form: 


Oa) —% rer. Be ~ 
i a + a Sah as 





[44] 


The rate of inflow per unit aie into the slider is found 
in a similar manner when @ = a,. 


O(a;) _ oe 
Uh, ag + a: Oaph q 


The total rate of side leakage per unit width is the 
difference between Equations [44] and [45]. 


Rag! sea> Bs tant AF atemeBe) + 





tanh AE arp zk) [45] 





i 
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Frictional force 


As the slider moves over the plane surface with a velocity 
U, it experiences a retarding force due to the shear resistance 
of the lubricant. This resisting force may be expressed as 

(ou 
=—p 5go* [47] 
0 
where 


- w= ee ‘-< (1 ase i)u [48] 


The frictional force per unit width expressed in non- 
dimensional form reduces to 


(5) a, 6 
ati A >. 4ln - — 
pU\B a i ae 


th >a tan ha" eaPand(aaPa)(1 — 5Hi(a)) 





— Haba) + 2) [49] 


Coefficient of friction 


The coefficient of friction of a system is defined as the 
ratio of the resisting force to the normal force. In this 
case, it is the ratio of Equation [49] to Equation [42]. 

B Equation [49] 
f 4 og 


= Equation [42] [50] 


Center of pressure 


The center of pressure of the slider is given by the 
expression 


J fee 

X=5 [51] 
J | pdyds 
{ @Pdddé 

X¥=% + ___w [52] 
| | Pdgde 


The denominator of Equation [52] is identical to Equation 
[42] which is the load per unit width sustained by the slider. 


Therefore, it will suffice to show that the numerator reduces 
to the form 


(3 5) foray — Pet + 2 (5 + a 


a) 1S Be saan Re 
+ aan) — pr tanh — 





2 
(nase) + =5-)]} 53) 
Therefore, 
X Equation Equation [53] 
B ~ Equation (42) “° [54] 
Flow pattern 


It is possible to construct an approximate flow pattern 
between the slider and the plane surface by considering the 
velocity components u and v. The expression for u is 
given by Equation [48] and v is given as follows: 


. 
v =~ —(z —h)z 55 
ae  ( )z [55) 
It is seen that 
op 
a ees 
dx up | BU tin 
ax ae hz 
which can be reduced to the form 
oP 
d¢ ag 
dé @P = 2Ba, [57] 
26 + Tobe 


By choosing a value of z, Equation [57] will determine the 
approximate direction of motion at some coordinate (0, ¢) 
in the plane specified by the chosen value of z. If a grid is 
established over the slider area and Equation [57] evaluated 
at the nodal points, then it is possible to construct a series 
of flow lines from point to point. 


RESULTS 
Pressure contours 


In the following curves, it has been assumed that the 
boundary pressures are atmospheric which means that P, 
is zero in all the ~~ equations. In Fig. 2 is shown a 












RE Ss 


Fig. 2. Pressure hill for a finite slider. 


perspective view of a pressure hill which was computed 
from Equation [36]. In this case, 1/a, was 1.0 and R was 
1.0, the slider being square with an entrance height twice 
the exit height. 
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The manner in which the pressure contours vary along 
the slider centerline as the width to length ratio changes for 
constant 1/a, is shown in Fig. 3. In this case 1/a, = 1.0 
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WB 
Fig. 3. Pressure distribution along the slider centerline. 


and R varies from 0.2 to 4.0. In Fig. 4 are shown typical 
transverse pressure contours, each taken across the same 
section of the slider. The value of R varies as in Fig. 3. 


2 


— 


: 
3 
: 


BEARING CENTERLINE 
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Fig. 4. Lateral pressure distributions. 


Load capacity 
The variation in load capacity per unit width for sliders of 
varying width to length ratios (R values) is shown in Fig. 5. 
6 
a) 
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Fig. 5. Load capacity curves. 


The abscissa of 1/a, is physically the ratio of the taper 
length of the slider to the minimum film height. Therefore, 
an increasing value of the abscissa may be interpreted as an 
increased taper length with a constant value of hy. From 
the characteristics of the curves, it is seen that a decreased 
slider width results in a decreased load capacity for the 
slider. This is due to the manner in which the pressure 
reduces to atmospheric on the slider boundaries and to the 
increased side leakage resulting as the width is decreased. 
If the operational geometry is allowed to change as the 
width is reduced, such as increasing the taper height while 
holding the minimum film height constant, then within 
limits the same load capacity per unit width may be main- 
tained for different widths. A second observation is that 
there exists for every curve of constant width to length 
ratio, an optimum ratio of taper to minimum film height. 
For the infinite slider bearing this ratio is approximately 
1.2 and as the width to length ratio decreases, the optimum 
b/h, ratio increases. 


Frictional resistance 


The variation in frictional resistance per unit width as 

R is varied is shown in Fig. 6. In this case, the resistance 

per unit width decreases as R decreases for a fixed value of 

1/ay. It should be noted that as R decreases, the load 
capacity is also being reduced as has been discussed. 

1.00 
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Fig. 6. Frictional resistance curves. 


Coefficient of friction 


The variation of the coefficient of friction with R is 
shown in Fig. 7. It is seen that for a fixed value of R, there 
exists an operational geometry which will result in a mini- 
mum coefficient of friction. For the infinite slider, this 
value of 1/a, is approximately 1.55 and this value increases 
as R decreases. It is evident from the curves that as R 
decreases, the rate of decrease in Wy, is greater than the 
rate of decrease of F ;. 
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COEFFICIENT OF FRICTION VARIABLE fe] - NONDIMENSIONAL 





0 1 2 3 4 5 
Va, ~ NONDIMENSIONAL 


Fig. 7. Coefficient of friction curves. 


Flow rates 


The curves shown in Fig. 8 illustrate the manner in which 
the flow rates per unit width, both inflow and side flow, 
vary with slider width. The side leakage curves appear to 
vary linearly with 1/a, for fixed values of R. If the value of 
1/ap is fixed and R allowed to decrease, then the increase in 
leakage rate is quite marked, especially at large values of 
1/a) due to the large pressure gradients. As hy approaches 
infinity (or b becomes zero) the flow rate approaches zero. 
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Fig. 8. Inflow and side leakage rates. 


The flow rates sustained at the slider entrance for fixed R 
values are also somewhat linear with respect to 1/a), 
especially for R values less than 1.0. In all cases as hy 
becomes very large (or b becomes very small), the curves 
converge to a value of 0.5, the value applying to pure shear 
flow. 


Center of pressure 


The location of the center of pressure as measured 
from the trailing edge is shown in Fig. 9. For a constant 
value of 1/a), the center of pressure is moved closer to the 
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Fig. 9. Center of pressure curves. 


trailing edge as R decreases. This is to be expected in that 
the increased side flow modifies the velocity gradients 
through the slider and causes the pressure curve to peak 
closer to the edge. For constant R and increasing 1/a), the 
center of pressure also moves toward the trailing edge 
since the higher pressures being generated peak in this 
region due to the influence of the pressure gradients. All 
of the curves converge to the value of 0.5 for the parallel 
slider. 


Flow pattern 


In Fig. 10 is shown the approximate flow pattern through 
a square slider whose entrance height is twice the exit 
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Fig. 10. Flow pattern. 


height. This flow pattern is in a plane which lies midway 
between the slider and the plane surface. The plot was 
constructed by starting at a point on the inlet side of the 
slider and drawing a line increment inclined at an initial 
value of d¢/d@. At the terminus of this increment, a new 
value of d¢/d@ was computed and the line extended. The 
final step consisted of smoothing in the curve through the 
series of line segments. 
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Summary 


An analytical solution to the problem of the lubrication of 
slider blocks of fixed wedge angle and finite width is 
presented. The method of solution is by the separation of 
variables which yields results conveniently plotted as 
curves which illustrate the various slider properties. The 


analysis is not encumbered by the requirement of numerical 
or graphical methods of evaluation and explicit infinite 
expressions are derived for the slider characteristics. The 
solutions appear in the form of convergent series. 
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Determination of Optimum Proportions for Hydrostatic Bearings 
By A. M. LOEB! and H. C. RIPPEL? 


The effect of recess size on the pressure, flow and power requirements of several hydrostatic 
bearing configurations is described in terms of dimensionless coefficients called performance 
factors. Performance factors are determined analytically for a circular hydrostatic thrust 
bearing with a circular recess (for which there is a known solution), compared graphically 
with the electric analog solutions for this bearing and found to be in excellent agreement. The 
electric analog approach is also used to determine the performance factors of several other 
bearing configurations for which there are no known solutions. These data are presented in the 
form of dimensionless curves. It was found that for a given bearing configuration, there is a 
particular recess size which will give minimum supply pump power. Where limiting factors, 
such as, pump output pressure and/or flow do not dominate, it is suggested that bearings be 
designed to operate at the minimum pump power point. 


1. Introduction 

In the design of large and/or complex hydrostatic bearing 
systems, the selection of bearing configurations which 
require minimum supply pump power to force the 
lubricant through the bearing clearance is an important 
consideration.* Where continuous operation of the bearings 
is required, the cost of operation may be very high. The 
designer of such bearing systems should be aware of the 
effect of various bearing proportions and configurations 
on the bearing power consumption. Usually the external 
size of the bearing is dictated by the space available. The 
main question is: What size and shape should the bearing 
recesses have? In other instances, pressure and flow 
limitations may be dictated by the pump or other dominating 
factors. A useful technique for determining the optimum 
proportions of a bearing for operation at minimum power, 
and also for other types of analyses, is presented in this 
paper. An example of an application of the technique 
is the optimizing of the design of hydrostatic bearings 
for supporting large rotating paraboloid antennas to effect 
the greatest saving in power. 

Dimensionless coefficients termed “‘performance factors” 
can be obtained for a particular hydrostatic bearing 
configuration which relate the pressure, flow and pump 
power requirements to the load, film thickness and ab- 





Presented at American Society of Lubrication Engineers 
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1Senior Research Engineer, Franklin Institute Laboratories 
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* The power consumed by a hydrostatic bearing system is derived 
from two sources: 
1. The power required to move the bearing parts one relative 
to the other. 
2. The power required to pump the lubricant through the 
bearing clearance. 


Fuller (1) has considered the effect of film thickness on the 
power loss from the above two sources. In this paper, only the 
effect of recess size on the pumping power loss is considered, 
since, in most applications, the power loss due to the relative 
motion of the parts, is small because of the low relative speed. 
The term “power” in this paper refers only to the required 
pumping power. 
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solute viscosity. These factors when presented graphically 
can be used to design a hydrostatic bearing which requires 
minimum power or which must meet other pressure and/or 
flow requirements. Performance factors can be determined 
analytically and through the use of the electric analog 
field plotter. The field plotter is most useful in those 
cases where exact analytical solutions are not available. 


2. Theory 


Consider the hydrostatic circular thrust bearing in 
Fig. 1. There are many combinations of supply pressure 
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Fic. 1. Cross-section (a) and pressure distribution (b) of a circular 
thrust bearing. 
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Ps, bearing radius R, and recess radius R, which will 
support a given load. Let it be assumed that the bearing 
radius R is determined by physical limitations or require- 
ments of the particular piece of equipment for which the 
bearing is being designed. Some control may be exercised 
over the pressure and flow required by varying the area of 
the recess. Although lower pressures are required as the 
recess area is increased, the flow required to support the 
load (at the same film thickness) also increases. This 
additional flow may be undesirable. The hydraulic power 
at the bearing necessary to support the load is the product 
of pad pressure and flow (ps X Q). It follows that the 
recess pressure required to support a given load on a 
bearing of given size may be decreased, but the flow must 
necessarily be increased to maintain the same film thickness. 
This suggests that the product of pressure and flow may 
have some desirable minimum for a given recess size. 

The same general statements may be made of other 
types and shapes of hydrostatic bearings; e.g., square 
thrust bearings, rectangular thrust bearings, multi-pad 
bearings of various shapes, journal bearings, thrust collars, 
spherical bearings, conical bearings, etc. 


A. Pressure Factor 
In general, the load carrying capacity W of a given 
bearing is (2) 
W=Cyps [1] 
The constant C, may be thought of as being the effective 
area of the bearing, since it has units of inches squared. 
Two things can be done to increase the effective area of a 
bearing and, thereby, increase its load carrying capacity: 
(a) increase the size of the entire bearing, or (b) increase the 
size of the high pressure recess. 
Letting C, = A, (effective area) and rewriting [1] gives 
W 
p 8 Ae [2] 
Dividing the numerator and the denomerator of the 
right hand side by the projected area of the bearing A* 
yields 
W/A 
p iit’ Ae | A [3] 
The ratio in the denominator of. [3] represents the 
percentage of projected area which is effective (in the 
flat thrust bearing the projected area is the actual area of 
the bearing). Let this equal the area factor a ,. 
Hence, rewriting [3] gives 


1\W 
Ps = ()4 [4] 
It is convenient to write [4] as 
W 
Ps=Pt-G [5] 
1 A 
where pPr= ay = A. [6] 


and is termed the pressure factor. 





* The use of the projected area for A is an arbitrary choice on the 
part of the authors to force the pressure factor to be unity when the 
high pressure recess is allowed to include the entire bearing. 


It can be seen from [5] and [6] that the pressure required 
to support a given load on a bearing of given size is inversely 
proportional to the effective area or directly proportional 
to the pressure factor. 

The following analytical expression has been derived (1) 
for the load carrying capacity of the circular thrust bearing 
shown in Fig. 1: 


ms (R*— Re’) 
"2 In (R/Ry) 7] 


Reducing this to the form of Equation [5] gives 


W  2In(R/R) W 


bs = 1G = 71 —(R JR] A [8] 


W = 


where A = 7R?, from which (for the circular thrust 
bearing) 
2 In (R/Ry) 
ae pateneds. 2 ine. a 9 
Pr TT (RIRY] " 
The variation of recess pressure for various ratios of 


R,/R is described by the pressure factor ps. The relation- 
ship of pz and R,/R is shown in Fig. 2 for the circular thrust 


bearing. 





B. Flow Factor 
The required flow in a given hydrostatic bearing is, (1): 
C.p sh® 

= 10 
o--0¢ [10] 

Substituting for p, from Equation [5] gives 

W\ h§ 
Q= Cx( Prabang [11] 
Letting C, p; = q+ (flow factor) gives 
W i 

Q= 4997 1% [12] 


The term C, will be recognized as a function of the bearing 
geometry. In the case of the circular thrust bearing, the 
flow may be expressed as: 


i 13 

© ~ Grin (RIR,) os 
Reducing this to the form of [11] gives 
2a W\ h® 

Spee Fee Pal hl 14 

= in caiRy **at ) as oie 

and substituting for p 7 from [9] yields 
W i 
Q=4917 id [15] 


from which it can be seen that for the circular thrust 
bearing 


im 4a 
47 ~ f1—(R/RY] 


[16] 
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The required flow through the circular thrust bearing for 
various ratios of R,/R is described by this flow factor q;. 
The relationship of g7 and R,/R is shown in Fig. 2. This 
curve indicates the flow requirements of a circular thrust 
bearing of area A supporting a load W on a film thickness 
h, and with a lubricant of viscosity y as the ratio of R,/R is 
varied. 


C. Power Factor 


The pump power requirement of a hydrostatic bearing is 
obtained by taking the product of recess pressure and 
flow (excluding external hydraulic resistance): 


H = (power) = ps x Q [17] 
Substituting from [5] and [12] yields 
W\? h8 
H = Hy (7) 12m [18] 
where 
Hy = p+ @7 (power factor) [19] 


For the circular thrust bearing, using [9] and [16] it 
follows that 


8m In (R/Ry) 
[1 — (R/RPP 


From [18] and [20] it can be seen that the variation of 
power requirements for various ratios of R,/R is described 
by the power factor Hy. The power factor is plotted in 
Fig. 2. It will be noted that there is a particular ratio of 
R,/R at which the power required is a minimum. 


Hy [20] 
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D. Sample Solution of Circular Thrust Bearing 


Once the curves of ps, g7 and H as a function of recess 
size have been determined for a particular type of hydro- 
static bearing, they become very useful from a design 
standpoint. For purposes of illustration, consider the follow- 
ing design problem. 


Circular Thrust Bearing 

Load = W = 10,000 lb 

Max. ps not to exceed 1,000 psi* 

Max. Q not to exceed 0.5 gpm* 

Film thickness = h = 3.0 x 10° in. 

Viscosity = » = 7.85 x 10-* lb-sec/in.? 

As a first approximation, choose R,/R to give minimum 

power requirements. From Fig. 2 this is found to occur 
at R,/R = 0.53 giving py = 1.76 and gz = 17.6. 





Solving [5] for the area yields 
7 
A = ie = bearing area = 7R? 
8 
Letting ps = 800 psi gives 
1.76(10,000) 
A => , = aR? 
from which the radius is calculated to be 
R = 2.625 in. 
From [15] 
10,000 3 x 10-%)8 
Q = 176 ( ) ( ) 


m(2.625)? © (12)(7.85 x 10-*) 
= 2.29 in.3/sec. = 0.60 gpm 





* pump limitations. 
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Fic. 2. Performance factors for a circular thrust bearing. 
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This flow exceeds the maximum allowable of 0.5 gpm. 
Again, from [15], letting Q = 0.4 gpm (allowing a 20% 
margin) gives 

3 


W 
Q=417 i2n 

from which A is calculated to be 
17.6(10,000)(3 x 10-%)8 


= 0.4 gpm = 1.54 in.®/sec 





=— ez . 2 
1.54(12)(7.85 x 10-*) 32.8 in. 
yielding — 
oe ee ee 
7 


Substituting this value for A into [5] gives 


W 10,000 . 
Ps “Fas = 17 ay. == 537 psi 
Thus the limitations on pressure and flow are not ex- 
ceeded. If the calculated radius R = 3.24 in. is acceptable, 
and if the bearing is designed for minimum power, then 
R,/R = 0.53 giving 


R, = 0.53 (3.24) = 1.71 in. 


E. Use of the Electric Analog Field Plotter 


Although the circular thrust bearing can be treated 
analytically to obtain pressure and flow requirements, 
there are other types and configurations of hydrostatic 
bearings which cannot. In such cases, the flow and pressure 
is at best an approximation. However, this difficulty has 
been overcome by the use of the electric analog field 
plotter (2). It is now possible to predict, with reasonable 
accuracy, the performance factors of any hydrostatic 
bearing configuration. 

The use of the electric analog field plotter in obtaining the 
load-carrying capacity and flow requirements of a hydro- 
static bearing was demonstrated in reference (2). It was 
shown that the load W can be expressed as 


W = n*p,2m4A cos Om [21] 
and the flow as 
_ pal Ry 
Q es 12u Rez [22] 


Hence, the pressure factor can be calculated from [6] 
yielding 
A 
Ps = Smid cos Om 


Solving [21] for ~,, substituting into [22] and multiplying 


[23] 


a 
by FZ Bives 
Rs; A W 8 
2 = Re SmdA cos Om A 1p [24] 
where from [12] it is seen that 
Rs A 
91 = Ry ZmAA cos Om sit 
From [19] the power factor is then defined as 
Rs A . 
Wy = Fl yada ow Fal *) 


The use of the electric analog field plotter can be 
illustrated by considering again the circular thrust bearing 
with a single circular recess located in the center. Since 
only the shape of the bearing (and not the size) is of 
concern, the circular model may be of any convenient size. 
In order to determine the variation of the performance fac- 
tors, the recess size of the model is varied from essentially a 
point source to practically the size of the entire bearing 
(0<R,/R<1). A sufficient number of values of R,/R 
are chosen to obtain valid curves. At each recess size 
2m4AA cos 8m, Rs, and Rg are determined and substituted 
into [23], [25], and [26] to obtain the performance factors. 

The calculations of p s, q 7, and H ¢ were made for various 
values of Ry/R and are plotted on Fig. 2 as experimental 
data points. The points lie very close to the analytical 
solution which speaks well for the electric analog field 
plotter technique. 


F. Other Shapes 


Additional types and configurations of flat hydrostatic 
bearings have been analyzed using the electric analog to 
determine p s, 7, and H ;, and are shown in Figs. 3, 4, and 
5. These particular configurations are being considered 
for use as bearings for a 140 ft radio telescope to be in- 
stalled at Green Bank, West Virginia. A model of the main 
bearing for this telescope is shown in Fig. 6. The white 
surfaces are the hydrostatic bearing surfaces. The telescope 
is described in reference (3). 

Fig. 7 shows similar data for a 120° partial journal 
bearing. 


3. Conclusions 


When large heavily loaded hydrostatic bearings are 
operating continuously with relatively thick films, the 
power consumed is a prime design consideration. The 
power factor curves determined in this paper indicate 
that for each bearing configuration there is a range in 
which the power is a minimum. When other factors do not 
dominate, it has been found that a design at or near the 
minimum power point is desirable. Where the pump 
capabilities dominate or where other factors limit the 
maximum operating pressure or flow, the flow and pressure 
factors can be used to evaluate the design. The dimension- 
less presentation of these data enable the designer to 
employ the factors for any bearing size of a given con- 
figuration. 

It should be emphasized that the numerical values of these 
factors apply only to the shapes for which they were 
derived, and that a direct comparison of various bearing 
shapes on the basis of performance factors alone is invalid. 
However, by using these quantities to determine the 
power, flow or pressure requirements, the various shapes 
may be compared. 

The determination of performance factors by the 
electric analog method is relatively simple and can be 
accomplished for any shape. The validity of the analog 
method has been proven by its good agreement with the 
analytical solution for a step bearing. In addition to this, 
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Fic. 4. Performance factors for a square, 4-recess thrust bearing 
with rounded corners. 
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Fic. 7. Performance factors for a 120-degree partial journal bearing. 
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Fic. 6. Model of main bearings for the 140-ft diameter radio 
telescope. 


agreement was shown in an earlier paper by one of the 
writers (2) which compared the analog solution for a partial 
journal bearing with experimental results. 

The authors are extending this work to other bearing 
shapes and are, at the present time, attempting to develop 
an approach of this type for the compensated hydrostatic 
journal bearing. The authors have found the technique 
described herein very useful in working with large hydro- 
static bearings and hope that this information will be of 
value to other designers. 


Acknowledgment 


The authors express their sincere appreciation to 
Messrs. Stanley B. Malanoski and Charles H. Stevenson 
of The Franklin Institute Laboratories for their computa- 
tional and technical assistance. 


REFERENCES 


1. Fuuxer, D. D., Theory and Practice of Lubrication for Engineers, 
John Wiley, New York, 1st ed., 1956. 


2. LozsB, A. M., “Determination of the Characteristics of 
Hydrostatic Bearings through the Use of the Electric Analog 
Field Plotter”, ASLE Trans., v.1,n.1., April, 1958. 


3. EmBERSON, R. M. and AsuTon, N. L., ‘““The Telescope Program 
for the National Radio Astronomy Observatory at Green Bank, 
West Virginia’’, Proc. Inst. Radio Engrs., v. 46, n. 1, January, 
1958, pp. 23-35. 


Nomenclature 

A = projected bearing area, in.? 

A, = effective bearing area, in.? 

4A = element of area, in.” 

C, = A, (effective bearing area), in.” 

C, = constant, depending upon the bearing geometry, 
dimensionless 

H = supply pump power consumption, lb-in./sec 

Hy = power factor, dimensionless 

Q = quantity of fluid flowing per unit time, in./sec 

R= = radius of circular thrust bearing, in. 

Re = resistance, electrical, ohms 

R;, = resistance, of a square of conducting paper, 
ohms 

Ry = radius of recess in circular thrust bearing, in. 

W = load-carrying capacity, lb 

ay = area factor, dimensionless 

h = film thickness, in. 

hm? = mean of the film thickness cubed, in.* 

m = per cent of supply pressure, dimensionless 

n = scale factor, dimensionless 

ps = supply pressure, psi 

py = pressure factor, dimensionless 

qf = flow factor, dimensionless 

p = absolute viscosity of fluid, lb-sec/in.* 

8m = angle between the normal to the area 4A at its 


center and the load vector W, degrees 
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The Viscosity Wedge 
By A. CAMERON! 


In a previous paper (6) it was shown that a viscosity gradient across an oil film allowed a 
hydrodynamic load to be carried between contra rotating discs. If there is a temperature (and 
viscosity) gradient, not only through the oil film but also in the direction of motion, a 
considerable load can be borne. The equations are set up and solved numerically giving co- 
efficient for oil film thickness and friction. The oil film thickness is comparable (three quarters) 
of that carried by Michell pads. The computed results are applied to the parallel surface thrust 
bearing described by Fogg (2) in 1946 and shown to give tolerable agreement with the 


experimental findings. 


Introduction 


Tue analysis of the parallel surface thrust bearing of 
Beauchamp Tower (1) and Fogg (2) has been attempted by 
various authors (Cameron and Wood (3), Cope (4) and 
Charnes, Osterle and Saibel (5) ) using the concept of the 
progressive heating up and expansion of the oil in its 
passage through the bearing, the so-called “thermal 
wedge”. 

It occurred to the author that work published by him 
in 1951 (6) whereby the variation in viscosity across the 
oil film would produce an extra term in the lubrication 
equation, could be extended to account for the lubrication 
of parallel sliders. A certain amount of work was done in the 
Lubrication Laboratory at the City and Guilds College, 
London, and apart from being in the 3rd Year lecture 
course has not yet been published. After this work was 
completed a paper by Zienkiewicz (7) was published tackling 
the same problem from a somewhat different standpoint. 
The difference in the assumptions and boundary conditions 
however are such that the two approaches to the problem 
are complementary. 


Mechanism of the viscosity wedge 


Consider a slider or collar moving at a constant velocity 
U above a fixed parallel surface thrust bearing. 

Assume that the step or pad thrust surface is at a uniform 
temperature. Two cases will be studied, when the pad, 
which is fixed, is uniformly hot or uniformly cold. The 
moving collar at the inlet position is initially cold, its 
surface heats up during its passage through the bearing. At 
the outlet end it is hot. 

Consider as a first approximation that the frictional 
heat is generated uniformly over both surfaces. The collar 
can be considered stationary and heated by a moving 
uniform band source. This is the case of gear teeth which 
has been studied by Blok (8). The temperature rise along 
the contact zone is nearly linear. The fixed pad on the 
other hand is heated uniformly by a stationary source 
and so will have a constant temperature along its surface. 





Contributed to the American Society of Lubrication Engineers 
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The two assumptions therefore that the surface temperature 
of the moving collar increases linearly and that the collar 
has a constant temperature are reasonable. 

Consider further the temperature gradient through the 
oil film, which also causes a viscosity gradient through the 
oil. 

In the first diagram, Fig. 1a, when the step is hot and 
the collar cold at the entry, the oil will be thin at the 
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Fic. 1. Diagrammatic sketch of temperature distributions with 
pad uniformly hot, case A, and uniformly cold, case B. 








surface of the step and thick near the collar. This will 
cause, in the absence of any pressure gradient, a convex 
velocity profile as shown. At the end of the contact zone, 
when both surfaces are (assumed) equally hot, the velocity 
profile will be linear. This state of affairs will cause more 
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oil to be brought into the bearing area than flows out. To 
right this a pressure gradient is needed, positive at entry 
and negative ‘at exit. The positive gradient at entry will 
restrict the flow in and the negative gradient will assist the 
exit flow. In this way a pressure is formed in the film and a 
load carried hydrodynamically. 

In the second case, Fig. 1B, the step is considered uni- 
formly cold, i.e. at the same surface temperature through- 
out as the surface of the collar is at the point of entry. 

At the inlet the velocity distribution (in the absence 
of any pressure) is linear. At exit the velocity profile will 
be concave as most of the shear will occur near the moving 
surface, which is assumed hot. 

The same argument is now applied to this system, as to 
the previous one. More oil is brought into the zone than is 
taken away so, in order to redress this, a pressure gradient 
must exist. It will be positive at entry to limit the inflow 
and negative at the outlet in order to boost the amount of 
oil passing. 

In general, it can be seen that a pressure will be built 
up if the temperatures are so distributed that the velocity 
profile at entry is more convex than it is at exit, i.e. more 
oil would enter the pad (in the absence of any pressure 
gradient) than can flow out. It appears from this qualitative 
study that this state of affairs is brought about if the tem- 
perature difference along the surface of the moving collar 
is larger than it is on the fixed pad. 

The similarity between this and the classical Michell 
pad is clear, in both cases the inlet flow of oil would exceed 
the outflow unless a pressure is developed such that the 
entry flow is restricted by a positive pressure gradient and 
the exit flow assisted by a negative gradient. 

It is for this reason that the title “Viscosity Wedge” 
seems apt. 

In this paper the implication of these temperature and 
viscosity changes will be examined theoretically. 

In order to assess orders of magnitude some very drastic 
simplifying assumptions will be made. 

The surface temperature of the moving surface will 
be taken as increasing linearly from entry to exit, secondly 
the temperature distribution in the oil film also is assumed 
linear. Thirdly the pad is of a uniform temperature, and of 
the two cases considered (A and B) it will be taken as 
uniformly cold. 

Instead of these three assumptions others could have 
been chosen, and in the previous paper (6) some others 
were indicated, but for this work which is much more 
complex, the simplest possible were used. In the following 
sections these conditions and assumptions are evaluated 
theoretically. 


Assumptions 


It is postulated first that the lower surface has a constant 
temperature 7). The temperature of the upper surface 
increases uniformly in the direction of motion, the x 
direction, i.e. it equals (7, + tx/B), where B is the linear 
extent of the pad, and ¢ the total temperature rise. At the 
inlet edge the temperature of the two surfaces is the same 
(T,) at the end of the pad when x = B, the temperature of 


the upper pad is (7, + #), while that of the lower remains 
at T,, there being a temperature difference of ¢ between 
the two surfaces. 

The second postulate is that this temperature difference 
is linear through the thickness of the oil film. This enables 
the temperature to be written at any point in the lubricating 
film in a simple manner, that is, the temperature 7 at any 
point x, y, is 
ae 2 
T=T, Bh! 
where h is the oil film thickness at any point x, and y the 
co-ordinate in the direction normal to the surfaces. 

Writing 0, the total relative temperature rise equal to 
t/T,, T can be expressed 


T = To(1 + Oxy/Bh) 


Now it was shown in the previous paper (6) that a 
convenient viscosity-temperature law is the one due to 
Slotte, which is 
where T is defined as the 
temperature on any scale 
plus a constant. 


p=c/T™ 


When the temperature is in degrees Fahrenheit the constant 
is zero. For any given oil the two further constants 
required are c and m. A value of 5 will be taken for m. 

A paper on the relations between the Walther, Vogel 
and Slotte and other equations governing the viscosity 
temperature characteristics of oils is now being prepared for 
publication. 

If u = c/T,™, then p = po/(1 + Oxy/Bh)™. Define also 
(0x/Bh) = a, so wp = po/(1 + ay)™ 

We will also need the value of the relative temperature 
rise at various points on the top surface, so we will write 
6x/B for brevity as #. # varies linearly along the top 
surface. It is zero at the inlet edge when x = 0, and equals 
6 at the outlet when x = B. 

Using these assumptions and Slotte’s viscosity-tem- 
perature law, the equations can be set up and integrated. 


Variable viscosity equations 
The basic lubrication equation in one dimension, 
d Oo Ou 
neglecting side leakage, is a =p 


dp Ou dy du 





OF ae Haya T By ay (1) 
d O7u 
now n= wlll + a), 80 5 = ay Be 
___Heam. ou 
~ Tf atta PI 
OE ak 


(m + 2)a* 19 dx m+ 1 


where C, and C, are integration constants. 








J (1+ ay)™+% dp 
~ |e + 2m + 3)a5u, dx 





h 
The oil flow Q = [vay 
0 














Cl + ay)™t+? | C1 + 2) 4 
+ Gn + 1m + 2)a (4) 
if the boundary conditions are on y = 0, u = U, 
y = h, u= U, 
m+i1 - 
then Cc, = (1 + ah)™ +1 sity U1 Sie U,) 
(m+ lt ohmes—1_ dp, 
~ Fahy Tie + Auge de! 
Da aoe 
ant Co Uy Ot ede + DD (6) 


putting these into the Equation [4] a rather formidable 
algebraic relation is obtained, which reduces to an ex- 
pression which can be written as follows: 


Q=- 7 Poth -WM+U,} 7 


where @ is defined as 
ie 1 (i+ 6)e+*—1 
~~ (m + 2) 83| m+ 3 
ees Pee) 
(m+2){((1+ B)m+*—1} (1+ b)mt? 
1 (+ <r ies S y (9) 

(1+ #)™+1—1| (m+ 2)¢ 
if 6 or m -> 0 then © — 1 and M -> }, reducing the 
expression to the classical equation 

O=-FE+U+W; 


Under the assumptions both M and @ are functions of the 
temperature which itself varies with x. 

If the way A varies with x is not restricted and defining 
h and M as those values of h and M where dp/dx = 0, 








and M= 





then h(U, — — U,)M+ U,} = h{(U, — U,) M+ U,} 
h® dp 
ae Pus = 
Pa. ee 12p eS os 
‘a BO {(U, — U,)(Mh — Mh) + U,(h — h)} [10] 


If the bearing is a parallel surface slider, where h is constant, 
then 
dp 12n,.(U, — U,)(M — 
h? 8 





Fa [11] 


An oil film can be generated if M varies with x. 
The integration of Equation [11] is discussed below. 


Integration of equations 
The equations as they stand are not integrable directly; 
it is necessary to have the integral 


U,—U,f[M—M 
1 ; ‘f 5 dx 





p = 12p9 
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at any point x, # = @x/Borx = }B/é 


0 fie — mf ~ Al ffoo — af 9) 
0 0 0 


which may be written as — al L — m},] [12] 
b 


To determine M the two terms must be equal at the end of 
the pad, i.e. atx = Bor = # 

Hence M = [,/J.] at 9 = @ [13] 
To obtain the total load carried, W, the double integral 


LB B 
If 


where J is the width of the 
pad at right angles to the direction of motion, in the z 
direction, is needed. The side leakage is neglected as 
before. From the previous equations 


U, — 
P= 12p45———* = a =, ~ M7.) 2] 


ae 2 | (i — Mya 0 


oh a BO jie iE Us) [14] 


wiing = /2 fo. _ Myo [15] 


hence W = 12, 





The values of @ and M have been calculated at intervals 
of 0.05 between @ = 0 and 1 for m = 5. These are listed 
in Table 1. The integrals 7, and 7, at the same intervals 
have also been calculated by finite difference integration. 
The formulae for this type of integration are given in the 
H.M.S.O. publication 1956 “Interpolation and Allied 
Tables’, section E.7. (9). 

The formulae used had errors less than gg of the 5th 
difference, and in some cases less than z}q of the 6th 
difference. 

The value of M was obtained from the quotient (7,/7.) 
at any selected value of #. This was done at intervals of 
0.1 between 0 and 1. The non-dimensional pressure 
(7, — M¥,)/@ was then obtained at these intervals. The 
definite integral 


1 6 
|i —Myao 
0 


gave the non-dimensional load. This integral was obtained 
for all values of @ between 0 and 1.0 at intervals of 0.1. 
For 6 = 0.1 only one coordinate (0.05) was available, 
as p = 0 at both 0 and 0.1. By calculating the function at the 
ordinates 0.15 and 0.20, an accurate integration over the 
required interval was obtained. 
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TABLE 1 
Results of Computation 

f) M 1/8 x, SIs M ® A r 
0.0 5 1 0 0 5 0 1 00 
0.05 47969 .88508 .02305 .04704 
0.1 46051 .78828 .04269 .08881 48066 1871 8578 4.585 
0.15 44246 .70495 05952 . .12609 
0.2 42555 .63270 .07402 .15949 46410 .2432 .7763 3.192 
0.25 40976 .57053 .08657 .18953 
0.3 .39506 .51630 .09749 .21668 44994 .2742 .7007 2.555 
0.35 38141 46859 .10704 .24127 
0.4 .36873 42653 11543 .26363 43784 .2921 6326 2.166 
0.45 .35697 .38916 .12282 .28400 
0.5 .34608 .35588 12936 .30261 42748 .3020 .5787 1.916 
0.55 .33598 .32608 13517 .31965 
0.6 .32662 .29931 .14035 .33527 41861 .3066 .5300 1.728 
0.65 .31795 .27518 .14497 .34962 
0.7 .30989 .25338 14912 .36283 41099 .3077 4878 1.585 
0.75 .30242 .23362 .15284 .37499 
0.8 .29546 .21567 .15620 .38622 40443 .3063 4523 1.477 
0.85 .28900 .19934 .15923 .39659 
0.9 .28297 .18444 .16197 40618 .39877 .3033 4188 1.381 
0.95 .27735 .17084 16446 41505 
1.0 27211 .15839 16672 42328 .39387 .2985 .3904 1.308 
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For values of @ and M beyond @ = 1.0, the equations 
can be simplified very greatly by considering (1 + 6)™ , >1 
In this way 


1 (m+ 2Xm+3)9% 1 148 
6 121+ d)™+3 °°” * Om + 2) 
M (m+ -2)(m + 3) 02 
6” 121+ mt? 


These can be integrated directly, where @ > 1, giving 








and 




















jt ees 1 2148) 
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(1+ ay 
+a [16] 
1 
it eee -~1 3148) 
@ 121+ B)™+2]m+2° m+1 
1 
1+ oF (1+ 8) 
a m m—1 [17] 
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by adding these on to the values of 7, and 7, at @ = 1, 
already tabulated, the table can be extended. This has not 
been done as the approximation would seem to have been 
carried far enough. 

Some typical curves of the non-dimensional pressure 


B 
g lh — M¥,] are drawn in Fig. 2. The actual pressures 
are obtained by multiplying by 124,(U, — U,)LB?/h? 


Pressure. 





Non- Dimensional 


0 4 2 ae ‘5 ‘6 Xs 8 “9 10 
o> 


Fic. 2. Non-dimensional pressures along the pad for different 
temperature rises. 


in consistent units. The non-dimensional load for different 
values of @ are plotted in Fig. 3. The actual loads are 
obtained by multiplying by »(U, — U,)LB?/h?. The 
significance of these results are discussed below. First, 
however, the equations for the coefficient of friction are 
derived in the next section. 


Coefficient of friction 
The frictional drag, 7, per unit surface area is 


7 = pou/dy. Now » = po/(1 + ay)™ as before. From [3] 
Ou (1+ ay)™+id 

5 Etat enc, U8) 
Ou 1\d 

and sor = ye = (y + 3) + oC (19) 


whence the frictional drag 7) at y = 0 and tr, aty = Ah 
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Fic. 3. Film thickness and coefficient of friction factors against 
temperature rise. 


1 dp 
can be written ty = — oo OpoC, [20] 
dp _i1dp 
ah tie + aly [21] 


The total frictional drag, F, is Lf tdx. The two expressions 


0 
[20] and [21] differ only in that the first term of [21] 
does not appear in [20]. 
B 


However, {hdp/dx is zero, as h is constant throughout and 
0 


p is zero at x = 0 and B. Hence the friction, F, on both 
surfaces is the same and equals 


B 
1 dp 
0 


Substituting in for C, from [5] and rearranging, it is 
found that 


~ o)™ +101 — (m+ 1)0]—-1 
BL~ 0)| Of + #)™** —1\m + 2) | 





dp 
ino? 





ao 7 d(m + 1)dé [23] 
(1 


+ o)™ 2.2. 3 
Substituting in for ‘pide Pb [11] 


ae el, —M) 


BL 








(e + p)m +11 —(m + 1)#]—1 
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+ las a| 





which will be written as 


F _wlU, —U)), 
=” h 


The coefficient of friction, f = F/W and from [14] 


b= Bo, fol Ue 


W/L 
hence 
ee ily BD 
f= y-i we 4 - 
and substituting for h, 
ae Ho U, — Us) 
writing 
A 
r= ra 


Values of A have been calculated by the same methods 
of finite differences used for ®. These are also listed in 
Table 1. The quotient I is also tabulated. 


Discussion of results 


It is seen that both the film thickness, h, and the co- 
efficient of friction, f vary with the parameter (uUL/W)}, 
which is also the case with Michell pads. 

For h the coefficient is ® and for f it is I’. Both these 
vary with the relative temperature rise, 9, and are dis- 
played in Fig. 3. The corresponding values for Michell 
pads are shown at dotted lines. It is interesting to note 
that ® varies very little with 0, being sensibly constant at 
0.3 beyond @ = 0.3. I’ on the other hand falls steeply with 
increasing 6. 

Now the classical Michell theory for infinite pads and 
uniform constant viscosity, gives a coefficient for 4 (which 
corresponds to ®) of 0.4, when the ratio inlet/outlet film 
thickness is 2.2. 

It is seen that the ratio of film thickness of the Michell 
pad theory to this variable viscosity theory 14:1. 

If we consider the breakdown loads for the two different 
pads running under identical conditions of speed, viscosity 
and surface roughness, etc., one can assume that they will 
fail when the film thickness reaches a certain minimum. 
This is dictated by the roughness of the pads and their 
surface structure. The ratio of the loads will then vary 
with the relative magnitude of ® and of the corresponding 
coefficient squared for a Michell pad. This ratio is 1? : 1. 

The comparison for coefficient of friction is very much 
harder as I’ varies so strongly with 0. 

It must be realized that these comparisons are somewhat 
artificial, as in practice the Michell pad also operates under 
conditions of variable viscosity. They do, however, show 
that the variable viscosity mechanism is nearly as “‘powerful” 
as the Michell wedge. It has a much larger effect than the 
thermal wedge. 




















a 3 








The Viscosity Wedge 253 


Comparison with experiment 


Fogg gives the relative breakdown loads of Michell and 
parallel surface pads, under exactly comparable conditions 
as 1900 Ib, and 1500 lb respectively for speed N, and 
1700 lb and 1400 lb for speed 2N. 

The ratio of the coefficients of friction is 1 : 0.53. 
In both cases the coefficients of friction varies with (uU/W)?. 

The ratios of the breakdown loads Michell/parallel 
surface in the two experiments quoted are thus 1.26 and 
1.21. Taking for the purpose of comparison that the 
Michell pad operates under conditions of completely 
constant viscosity, the theoretical. ratio derived above, is 
13:1. 

This agreement is as good as the various assumptions 
will allow. 


Nomenclature 


= 0X/Bh = temperature parameter 

= length of pad in direction of motion (x direction) 

= parameter in Slotte’s viscosity equation 

integration constants 

= coefficient of friction 

frictional force 

= oil film thickness (Z direction) 

integrals defined Equation [12] 

= width of pad at right angles to motion (y 
direction) 

m == temperature viscosity index 

M = non-dimensional stream line parameter defined 

p 

t 


2 
| 


ay 


BS FOO WA 
oe 
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Equation [9] 
= pressure 
= total temperature rise 


un > wn 


ba ma 


_ 

Ty 

u 

U, 

W = total load 
ta 

] 

oO 

(2) 


7 


= temperature at any point in oil film 
= constant temperature of lower surface 
= velocity of any particle of oil 

U,= velocity of surfaces 1, 2, on y = h, 0. 


= A/® defined Equation [25] 

t/T, 

6x/B 

= non-dimensional flow parameter defined Equa- 
tion [8] 

= viscosity at any point 


I 


I 


Mo = Viscosity at T, 
A = coefficient of friction parameter defined Equa- 


tion [24] 
= shear stress 
= film thickness parameter defined Equation [15] 
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Parallel Surface Thrust Bearing’ 
By A. CAMERON? and W. L. WOOD 


The theory for the thermal wedge thrust pad is given assuming (a) all the heat is taken away by 
the oil and (b) the viscosity is constant across the thickness of the film. 

The viscosity is allowed to vary in the direction of motion. 

Solutions are obtained by both analytical and relaxation methods for infinite and finite pads. 
The viscosity is allowed to vary in the direction of motion and also a constant value is taken. 

The results are displayed non-dimensionally graphically. 


Introduction and assumptions 


THe parallel surface thrust bearing has been described in 
the Proceedings of the Institution for Mechanical Engineers 
in 1891 (1), and in 1946 by Fogg (2). Fogg suggested in his 
paper that the load bearing capabilities depended on the 
formation of a “Thermal wedge”, i.e. that the expansion 
of the oil with the rise in temperature produced a distortion 
of the velocity distribution curves similar to that produced 
by converging surfaces. 

This paper presents a general form of the theory for the 
parallel surface type of bearing with the assumption that 
the heat conducted away from the oil film through the 
metal is negligible and that the temperature is constant 
across the film. 

The theory itself is given entirely later, but an outline 
of its development is included here. The basic equations 
are those of continuity and balance of heat? on the assump- 
tion that all the energy produced by friction goes to raise 
the temperature of the oil. The expressions used for the 
rates of flow of oil are those usual in lubrication theory. 

The law used for the variation of viscosity with tempera- 
ture is that given by a modified Vogel formula due to 
Cameron (3) namely* 1 = k exp (b/[@ + 95]) where yp is the 
viscosity at 0 degree centigrade and k and 5 are constants 
for a particular oil. k may be taken as referring to the 
“thickness” of the oil and 5 as a measure of the variation of 
viscosity with temperature. As an example, Admiralty 
turbine oil, whose viscosity is in the SAE30 range, has a 
value of b of about 900 degrees—. 





Contributed to the American Society of Lubrication Engineers 
by the Author. Manuscript received 1 May, 1958. 


1 This paper was read at the VIth International Congress of 
Applied Mechanics in Paris, in September, 1946, but due to 
post-war difficulties the Proceedings were not published. It is 
. given here in its original form with later additions appended as 
Footnotes. 


* Lecturer, Imperial College of Science and Technology, 
London, S.W.7, England. 

3 The justification for the method used here has been discussed 
by Cope (6). 

“This equation has been extensively studied by Rost (7) and 
found to fit commercial oils equally as well as the standard 
Walther - ASTM equation. 


5 Initial results for b = 1000 were computed for the original 


paper. These were extended by the Institut fiir Praktische 
Mathematik, Darmstadt (9) and are incorporated in this paper. 
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Gould (4) gives an expression for the specific heats of 
oils of various density and temperatures. The value of 
0.48 used here was the result of taking the oil to have a 
density of 0.88 g/cc and to be at 60°C. These were judged 
to be typical mean values. Beale (5) shows figures from 
which the change of density with temperature was ob- 
tained. The variation was taken to be linear and the rate of 
variation y = 7.4 x 10-4 derived from the same values of 
density and temperature (degrees Centigrade). 

The basic equations are made dimensionless so that in 
the results obtained from them any consistent system of 
units may be used. There is an immediate solution for 
these equations for the case where side leakage is neglected: 
that is the mathematically “infinitely wide” bearing pad 
with the breadth/length ratio infinite. Although in practice 
this ratio would probably be nearly unity this solution gives 
information valuable for the extension for the theory for 
other ratios, as has been found in other kinds of bearing. 


Results 


The solution was computed with the viscosity varying 
according to the general law and b = 600, 1000, 1600°. 

It was then considered whether some constant value of 
the viscosity may be taken in order to simplify further 
computation. Comparison of the results showed that 
taking the viscosity at two-thirds of the total temperature 
rise gave a very good approximation for the load and 
coefficient of friction. That this is a reasonable average 
value can be seen from the curves of temperature and 
relative viscosity along the bearing with a load of 28 x 
10° dynes/sq.cm. shown in Fig. 1. The viscosity is shown 
as a percentage of the entry viscosity. It is interesting to see 
the difference between the temperature variations with 
viscosity varying with the general law and that with constant 
viscosity. The curve for constant viscosity is very nearly a 
straight line and from this it was seen that by taking a 
linear temperature rise, the solution for the finite bearing, 
that is, the bearing with side-leakage, could be obtained. 

The results for the finite bearing pad were computed 
by relaxation methods (8). 

The analytical solution for the finite bearing is obtained 
in terms of Bessel functions with the assumptions of 
constant viscosity and linear temperature rise. The load 
carried is then expressed in a formula containing Bessel 
and Struve functions, This has a simple asymptotic form 
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Temperature With 


Variable Viscosity 





Temperature With 
onstant Viscosity 


Degrees C% Viscosity 


Viscosity As % Of Input 


t) 4 2 3 4 5 6 7 8 9 10 
Relative Distance Along Bearing 


Fic. 1. Temperature and relative viscosity along the bearing 
with a load of 28 x 10* dynes/sq. cm. 


available for most cases of interest which gives agreement 
with the relaxation results. 

Figure 2 shows typical non-dimensional pressure curves 
for variable and constant viscosity. Figure 3 shows the 
temperature load curves for breadth/length ratios for 
co and 1 and a similar curve for a Michell pad for com- 
parison. 
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Fic. 2. Typical non-dimensional pressure curves for variable 
and constant viscosity. 


The rest of the results are presented in the form of 
a film thickness factor S! and a coefficient of friction 
factor T7/S*. These symbols, S and T denote the factors 
for the case of varying viscosity; for constant mean viscosity 
they are denoted by S;, and 7°;. 

The factor S* multiplied by the usual non-dimensional 
parameter/:,U/W (where j, is the entry viscosity) gives 
the ratio of film thickness to length of bearing and 7';/S! 
multiplied by +/1,U/W gives the coefficient of friction. 
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Fic. 3. Temperature-load curves. 


These factors are given against load per unit area in 
Figs. 4 and 5 for the infinite bearing and a range of values 
of b from 600 to 1600 which covers the usual commercial 
oils. 
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Fic. 4. Non-dimensional factor S* against load. 


Fig. 6 gives the factor S} for length/breadth ratios of 
co and 1 and 6 = 1000. The corresponding values for the 
Michell bearing are also included for comparison, taking 
the mean viscosity as before, and supposing that the bearing 
is designed for carrying maximum load, that is, the ratio 
inlet/outlet film thickness is 2.175. As the average tempera- 
ture of the Michell bearing is lower the mean specific heat 
has been taken as 0.46. 
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Fic. 5. Non-dimensional factor T/S* against load. 
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Fic. 6. Non-dimensional factor S} against load. 


Figures 3 and 6 also include curves for water as it was 
thought these might be of interest. In this case, the rate of 
variation of density with temperature is 1.8 x 10-* and 
specific heat and initial density are both taken as 1. The 
viscosity equation used for the oil is valid for water with 
b = 340, although the estimated value is about 4% too 
high at 100°C, it is sufficiently accurate for the comparison. 
The application of this theory of course assumes that no 
steam is formed. In practice this might be justified because 
of the high pressures involved and the high latent heat of 
steam. 

The temperature in the oil film as given by the theory 
used here for the parallel surface bearing is much higher 
than in the Michell bearing, but some consideration must 
be made of the conduction of heat away through the bearing 
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surfaces. It is clear from the different construction of the 
bearing that there will be a far greater loss of heat by 
conduction than in the Michell bearing pad where there is 
usually only a line contact across the pivot. Hence the 
temperature rise will in practice be much smaller than that 
shown here. Moreover, the better heat conducting properties 
of this bearing could make failures of the bearing metal less 
likely than with a Michell pad. 

The parallel surfaces in this bearing simplify considerably 
the application of the theory of lubrication in comparison 
with that for Michell or Journal bearings, and it is hoped 
that more results of heat effects may consequently be 
obtained. These may be of use in the theory of other 
bearings, as since the heat effects are so large here, it would 
be desirable to allow for them in all bearings where high 
temperatures are generated in the lubrication film. 


Theory 


1. The x axis is taken in the direction of the velocity U 
of the moving surface, the z axis perpendicular to the 
surfaces. 

If gz, dy are the rates of flow of lubricant in the x and y 
directions then the usual expressions with fluid film 
lubrication are: 


h® op | Uh 
ie ~ Tite my 

h® op 
Y= — ay dy 


The equation of continuity is 


a 0 
gt — vO)92] + aI —v8)qy] = 0 [1] 


where the oil density p = p, (1 — y6). It is assumed 
that it is sufficient to take pressure, viscosity and tempera- 
ture as independent of z. 

The heat balance equation is 
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On the assumption that all the work done by friction goes 


to heat the oil. 
From [1] and [2] 
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b b 


Neve 6+0, 06 
The viscosity p = p,e : : 


where 6, == (95° + 


2. These equations are written non-dimensionally 
by putting 


entry temperature) °C. 
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and the boundary values are p' = 0 on y! = 0,A 
xt = 0,1 
@é=0onx'=0 
06 A 
yi = Q0ony! = 2 


3. The Infinite Bearing—For the bearing with negligible 
side flow the equations become 
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The solution is 
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xi = 
Equation [9] can be poner in terms of the tabulated 
, ie 
function | ad 


The conditions that p = 0 and x = 1 when @ = 4 
(the total temperature rise) give 








127, + (3 — AD) log (1 —; Jap) =0 [10] 
1 — y6)e—2/0+6 
and A = (3 — AD) f ' a ve EH! [11] 


The load carried per unit length of pad 
1 
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The coefficient of — is given by 
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These results are most conveniently given in the form 
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wnses beat 
2B = W'A 
W ss. 
pigeon le—b/6, 
S = UB 2AW'e 
Wh v3 —AD)@,e—°/% 
iis nex Pe A 
h 
so that 5 = St ta” and f=TS-4 | 
pee 2b, 
as W|B —> 0, 70 > 3, A > 3y6ye-¥% Wi+ > 


S — y6,/2 and T > 1 


4. If a constant mean value ji of the viscosity is taken, 
b = 0 in the equation and [8], [10] remain the same but [9] 
and [11] become 


22 fly 2s (Ha) 


and A = (3 — AD)y@,. The k in the original viscosity law 
is replaced by p. 
W cp 
Hence | ie (2AD — 3y6,(3 — AD)=— es 
__ @UB 
Wh 


and if S;, T; denote the values of S, T with constant 
mean viscosity 
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5. The Finite Bearing—Taking a constant mean viscosity 
and temperature increasing linearly with x and independent 
of y, i.e. yO = wx! say, Equation [6] becomes:— 
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1 2n 1 1 
This is eatisfied by 9" = 5 et - rm = ny 
n=0 
a? 2n + 1)? alte 
where (1 — wx!) [a os a . ) Pe 3 
12e(2n + 1) _ 
7 oe 
2n + 1 
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then pn = anl(f) + BnKo(f) + f(é) 
where Jy, Ky are Bessel’s functions with the usual notation 
and f(£) may be taken as either: 


inj, 1,9 

ang] tatat es 

or — =~ L,(€) whichever is more convenient, Ly being the 

Struve function for imaginary argument. 

an, Bn are given by anl(f,) + BnK(f) + f(&) = 0 
anlo(f2) + BnKo(f2) + f(E2) = 0 


where &, =“ +" 
1—w 
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It can be shown that the terms in the series for p! — 0 
as 1/(2n + 1)? as nm > o0. 
The non-dimensional load carried 
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This series converges as es 


In the computation it was only necessary to take the first 
term. 
The asymptotic form is 


= 4e-7/A 


(2 — w) 7 
An j/1—w i3 


1—w Aw 


W= 





es) 


Acknowledgments 


The authors would like to thank the Chief of the Royal 
Naval Scientific Service for permission to publish this 


paper. 


Nomenclature 
B= length of bearing pad (in direction of motion) 
b,k =constants in viscosity equation » = k 


exp(b/(@ + 9,)) 


c¢ = specific heat 

D = integration constant 

f = coefficient of friction 

h == film thickness (constant) 

J = = mechanical equivalent of heat 

L =breadth of pad (at right angles to motion, y 
direction) 

p = pressure 

9x = rate of flow in x direction 

qy = rate of flow in y direction 

U . = velocity of moving surface 

W = load per unit width 

y = given from p = p,(1 — y@) 

6 = increase in temperature over that at entry 

6, == (exit — entry) temperature 

6, = entry temperature + 95 degrees Centigrade 

A  =ratio breadth/length of pad = L/B 

ft = Viscosity 

#4, = Viscosity at entry 

p = density 

Pp, = entry density 

w = 0,/B for linear temperature rise 


Non dimensional terms 
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Lubrication of High-Speed High-Temperature Thrust Bali Bearings 
By G. S. REICHENBACH}, J. B. ACCINELLI?, and S. J. BEAUBIEN® 


High temperatures impose special problems on the operation of high speed axially loaded ball 
bearings. Among these are fatigue, lubricant deposits, and aggravated friction and surface 
damage at areas of metal contact. This paper is concerned only with the friction and surface 
damage aspects of the problem. Since a small scale bearing was to be used in the experimental 
work, an analysis was made of spinning, one of the major friction sources, and the small-scale 
operating conditions were chosen to give ball-to-race surface temperatures approaching, as near 
as practical, the corresponding temperatures for full-scale bearings. 

Bearing rig tests in a once-through jet lubrication system with silicone fluid, mineral oil, and 
a synthetic ester lubricant resulted in friction failures at approximately 350F, 650F, and 
800F, respectively. This is in agreement with full-scale experience and lends support to the 
validity of the rig tests. With oil-air mist lubrication failure occurred at a much lower tem- 
perature. This was probably due to insufficient lubricant to provide for a hydrodynamic 
component of mixed friction at the contact zone or to a failure to provide any lubricant at all 
due to volatilization of the oil. Two EP additives used in mist lubricated systems did not give 
appreciable improvement probably because of the stainless steel test bearings. It was demon- 
strated that deposits from lubricant decomposition did not play a significant role in the above 
results and thus it could be concluded that the small scale rig emphasized the deposit-free high 

















temperature friction properties of lubricants. 


Introduction 


AN immense amount of work has been done by industry and 
government agencies in exploring the problems associated 
with high-temperature high-speed ball bearing performance. 
In particular the turbine thrust bearings of high speed 
aircraft have been intensely studied in an effort to extend 
their performance life. Generally speaking a bearing in 
this class of service comes to distress through fatigue, 
lubricant deposits, excessive friction, surface damage and 
wear at points of metal contact. While in actual service 
it is very likely that all of these factors are inter-related and 
are proceeding simultaneously, this paper deals only with 
the friction and surface damage aspects of the problem 
and with the effect of lubricants on these factors. 

The technical problems and economics attendant to a 
full-scale test machine led to the choice of a 25-mm 
laboratory rig. The often-questioned lack of correlation 
between full-scale and small-scale bearing rigs prompted 
a detailed analysis of the scale effect on ball-to-race contact 
temperature. The philosophy guiding the analysis was that 
the ball-to-race contact temperature of the test rig should 
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approach the full-scale condition so that the lubricant 
would experience a valid time-temperature history. Thus 
an effort was made to avoid achieving high temperatures 
by adjustment of the rig environment temperature alone 
but every effort was made to raise ball-to-race temperature 
by contact friction such as occurs in the full-scale machine. 

The friction energy of rolling has been shown by others 
to be small; furthermore, it is largely elastic hysteresis of 
the steel and hence not modifiable by the lubricant—at 
least not through any obvious lubricant mechanisms. 
Ball-spin, on the other hand, may involve appreciable 
energy and, since it is released at the surface, contact- 
temperatures will rise. Also, since this is a surface effect 
the lubricant can perform its usual role. It was assumed 
in this work therefore that the increase in contact-tempera- 
ture over ambient is largely due to sliding friction from 
ball-spin. Contact-temperatures with full-scale bearing 
were computed and the operating conditions for the small- 
scale rig were adjusted to approach the same contact- 
temperatures. 


Analysis of the bearing contact 
Sliding Contact in Ball Thrust Bearings 


The angular contact ball thrust bearing is analyzed in 
this paper since it is subject to considerable sliding in the 
contact zone and is often used under severe conditions. 
Radially loaded bearings either roller or ball have much 
less sliding; while ball bearings with combined loadings are 
seldom used at high speeds, or if they are, either the radial 
or thrust load is an order of magnitude greater than the 
other. 
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An angular contact bearing is designed with some radial 
clearance as shown in Fig. la. If a thrust load is applied 
the clearance is taken up. Some elastic deformation takes 
place and a configuration such as Fig. 1b results. If the 
bearing is now rotated at high speed and the centrifugal 
force of the moving balls becomes comparable to the 
applied thrust load there is a shift in the contact points and 
the configuration becomes similar to Fig. 1c. 


Fo, tee Oe cae Oe 
Oo ff 


a CO 


(A) NO LOAD (B) LOADED (C) LOADED AND ROTATING 


AT HIGH SPEED 
Fic. 1. Change in geometry with application of load and speed. 


Fig. 2a shows that a tapered roller bearing is the only 
geometry that permits pure rolling contact. In this case 
the tangents to the contact points intersect at the center 
line. The tangents to the contact points for a low speed 
thrust bearing, Fig. 2b, do not satisfy this condition and 
hence pure rolling cannot take place and some ball- 
spinning must occur. Fig. 2c shows how this condition is 
made worse by the shift in contact angle due to high 
speed operation. Jones (1) has analyzed this problem and 
has given methods for locating the contact points of a 
high-speed bearing in terms of the speed, thrust load and 
bearing geometry. Following Jones, a similar analysis has 
been made for the contact angles of both a full-scale turbine 
bearing and our laboratory-scale bearing. 
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temperatures the tendencies towards wear, scoring, galling 
and other friction phenomena all increase sharply. It might 
be expected therefore that a significant failure criterion 
would be the instantaneous maximum temperature within 
the ball-race contact zone. While it is true that ball-cage 
failure is common where radial or combined loads are 
carried, the work in this paper is concerned only with 
axially loaded bearings where the ball-to-cage loads are 
small. 





Fic. 3. Relationship of angular velocities in a thrust ball bearing. 


Instantaneous Surface Temperatures 


There are two sources of energy at the ball-race interface. 
First is the rolling action and secondly, the spinning or 
sliding. The rolling coefficient of friction for hard steel 
balls on hard steel plates is of the order of 5 x 10-5 and 
the energy released due to this is only 1-5% of the energy 
released due to spinning. Besides the rolling friction is 
probably due mostly to hysteresis and hence the energy 
is not released at the surface but is 
spread out in a significant volume of 
metal. This rolling energy is not 
considered in the following develop- 


Pe o : eo ment. Fig. 4 shows the Hertz stress 
i yf P it / ellipsoid at the contact zone. It will 
rere comes: Spe ans ne tie eS ete encom: seem + mee eon = ow ee eel ae ealeninesens ths 
(a) (B) (c) center of the contact zone the velocity 


Fic. 2. Showing the impossibility of pure rolling in a thrust ball 
bearing. 


Once the contact angles are obtained the ball-spin 
component can be readily found by graphical means. 
Poritsky (2) has shown that the ball will usually roll on the 
contact zone where the ellipse has the greater eccentricity 
and all the spinning will take place in the other contact 
zone. For most high speed ball bearings this means rolling 
at the outer race and rolling plus spinning at the inner 
race. Fig. 3 shows the relationships between angular velo- 
cities in a high speed thrust ball bearing. w; is the angular 
velocity of the inner race with respect to the outer race. 
wep is the rolling velocity of the ball bearing with respect 
to the outer race. wg/; is the vector difference and represents 
the angular velocity of the ball with respect to the inner 
race. This in turn can be resolved into the rolling and 
spinning components, as shown. 

Ordinarily spinning or sliding is easily dealt with at 
normal temperatures with mineral oil. However, at higher 


of sliding of a point within the zone is zero at the center 
and a maximum at the periphery; while the stress is zero 
at the periphery and a maximum at the center. It follows 
therefore that the maximum energy will be generated at 


p* stress 














dx <>” 


Fic. 4. Hertz stress ellipsoid. 
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some point between the periphery and the center of the 
ellipsoid. The energy released per unit area over the 
elemental area is equal to the product of normal force, 
coefficient of friction and velocity all divided by area. 
When this equation is differentiated with respect to x 
it is found that the energy is a maximum at x = 0.707a 
and is equal to 0.39 fpmaxaws, where f is the coefficient of 
friction, Pmax, the maximum unit stress in the contact zone, 
a, the major semi-axis of the elliptical contact area, and 
ws the angular velocity of ball spin. (Figs. 3 and 4). This 
energy source is moving with the rolling velocity of the 
ball center on both the race and ball surfaces. It may be 
treated by Jaeger’s (3) moving heat source analysis which 
gives a solution for the temperature distribution beneath a 
moving heat source on a semi-infinite body. His result for 
the average temperature at the metal interface is: 





¢ -inke 
kV 

6 = Average temperature at the metal interface 
where g = max. rate of energy release in contact zone 

« = thermal diffusivity 

Vi 

_* 2« 

V = rolling velocity of ball 

1 = half width of the moving heat source 

k = thermal conductivity 


The maximum temperature near the rear of the source is 
one and one half times the average temperature. 

These values are based on energy flow through clean 
metal surfaces. Where lubricants provide a film of relatively 
low thermal conductivity, the temperature of the film 
will be much higher than given by this equation. 

The temperature decays quite rapidly behind each ball 
as it passes. For the spacing of balls in a typical bearing 
the temperature will be down to 10% of its peak value 
when the next ball passes. This means that the base 
temperature on the contact band along the race will 
continue to rise until the temperature gradient through 


the race is sufficient to carry away all the energy being 
released. The temperature drop through the race was 
obtained by calculating all the energy being released by 
all the balls and considering it to be spread uniformly 
over the contact band on the inner race. Then, the tem- 
perature gradient necessary to drive half of this energy 
through the inner race was calculated. 

Table 1 tabulates the maximum Hertz stress, the 
spinning velocity, the flash temperature and the temperature 
gradient through the race for both a 20 mm bearing and 
the 240 mm full-scale bearing at various speeds and loads. 
The temperature in the contact zone for an uncooled bear- 
ing is then the sum of the ambient temperature plus the 
flash temperature plus the temperature drop across the race. 

For a given ambient temperature the temperature 
rise above ambient in the contact zone (@max + 44race) 
can be compared. @ max is the maximum temperature in the 
contact zone and 4@race is the temperature drop through 
the race. The laboratory bearing was stainless steel and 
was operated at 40,000 rpm at 200 Ib thrust. Under these 
conditions the rise in temperature of the contact zone is 
calculated to be 52F. The full-scale bearing operated at 
9,000 rpm and 10,000 lb thrust gives a calculated tempera- 
ture rise in the contact zone of 193F. However, these 
values are based on the assumptions that the generated 
heat flows equally to both ball and race and that there is no 
cooling derived from the oil, i.e., that half of the energy 
flows into the balls where it is dissipated by cooling effects 
of the lubricant, flow to the outer race, and flow to the ball 
separator. If all of the energy is assumed to flow to the 
inner race, the calculated temperatures must be doubled. 
Actually for the bearing rig where the ambient temperature 
is controlled by heaters surrounding the outer race and 
where the oil jet is heated to match the bearing temperature, 
all of the generated heat will flow through the inner race 
when operating at elevated temperatures. Therefore the 
calculated temperature rise of 52F in a small bearing is in 
reality more nearly 104F when all of the heat is taken 
through the inner race. On the other hand, practical opera- 
tion of the full-scale bearing is usually accompanied by 


TABLE 1 
Comparison of the Ball-to-raceway Contact Area Conditions for the Laboratory Rig and the 240 mm Ball Bearing. 




















Contact zone temp. rise 

(@ max + AO race) 

Brg. Speed Thrust P max ws 6 max AO race No cooling Actual 

Size Type Steel (rpm) (Ib) (psi) (rpm) (°F) (°F) (°F) (°F) 

20 mm Stainless 40,000 50 141,000 34,600 8 7 15 30 
2 sb is 100 191,000 26,500 14 19 33 66 
a és a 200 237,000 19,000 18 34 52 104 
se a ne 300 270,000 9,900 13 26 39 78 
60,000 200 226,000 53,000 38 88 126 252 
240 mm 52100 9,000 2,000 139,000 21,300 22 24 46 34 
‘ 5 RS 4,000 180,000 16,400 33 54 87 60 
ee * a 6,000 204,000 13,900 40 81 121 80 
- a = 10,000 252,000 11,400 54 139 193 124 
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some degree of cooling by the oil jet. In that case the 
generated energy need not be transferred across the race and 
the calculated 46 race will be greatly reduced. For the 
full-scale case under discussion, if half the generated 
energy is carried away by the oil the temperature rise at the 
contact zone will be reduced from the calculated 193F to 
124F. This compares quite reasonably to the 104F estimated 
for the small-scale bearing. It is therefore seen that by 
careful selection of the operating conditions of a laboratory 
scale bearing it is possible to obtain Hertz stresses, ball-spin 
velocities and contact temperatures which approximate the 
conditions of a full-scale bearing. 


Experimental results 


By use of the analysis outlined above it has been possible 
to select operating conditions which maximize the friction 
factor of lubrication, and yet, as seen through the com- 
parison with full-scale bearings, are essentially valid. Also, 
by the use of short-term tests the fatigue and deposit 
factors of lubrication are greatly minimized. The objective 
of studying the high temperature friction characteristics of 
ball bearing lubrication with minimum complications from 
fatigue and deposit phenomena can be achieved. 

| Experiments were performed with an air turbine drive 
rig using 25 mm angular contact ball bearings. The ambient 
2mperature was established by the use of external heaters 
while the shaft was unheated. Unless otherwise indicated 
the oil was applied as a “once-through” hot jet heated to 
match the temperature of the bearing outer race. In the 
low inertia turbine driven system any increase in friction is 
immediately reflected by a sharp drop in speed. At the 
lower speed less energy is generated and the bearing tends 
to recover. Thus in the regions of marginal distress severe 
oscillations of speed are observed. 

If the bearing was forcibly maintained at speed by an 
increase in the supply pressure to the air turbine, rapid 
overheating and seizure of the bearing resulted. However, 
if the ambient temperature was reduced, normal operation 
was resumed and little damage was noted on the balls or 
raceways. Repeated increases in friction could be observed 
by cycling the ambient temperature above and below the 
critical value. 

The results of tests with a silicone fluid, a mineral oil, 
and a synthetic ester-type lubricant are presented in 
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Fic. 5. Bearing friction as a function of bearing temperature for 
various lubricants. 


Fig. 5 where the friction (shown as oscillations in speed) 
are plotted against bearing temperature. 

These oils were chosen because they are known to 
cover the range of poor to good performance in full-scale 
engines. It will be seen that silicone, as expected, gave 
very poor results at only 360F. Even after reducing the 
load to 60 Ib satisfactory performance was not obtained. 
Mineral oil, known to be good for this service except for its 
deposit forming properties, gave good performance up to 
650F. 

The synthetic ester-type oil, known to be a satisfactory 
gas turbine lubricant, gave low friction up to 800F. 

In a further test with mineral oil, but modified to 
recirculate approximately 100 gm of oil, the oil became 
extremely viscous and heavy deposits were found in the 
bearing. However, these conditions did not change the 
performance of the system and failure again occurred at 
about the same temperature. Figs. 6 and 7 compare the 





Fic. 6. Deposit formation with mineral oil using a once through 
lubrication system solid jet Jubrication, max. temp 815F. 





Fic. 7. Deposit formation with mineral oil using a recirculating 
lubrication system solid jet lubrication, max. temp 725F. 
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deposits from the once-through and the recirculated systems 
for mineral oil. It is reasoned that if the large difference 
in deposits shown here do not affect performance then the 
small amount of deposits in the once-through test could 
have had only a very small effect on performance. Thus it 
seems that the observed results reflect a change in friction 
which is not associated with deposits. Another approach 
to the friction study was made by comparing jet lubrication 
performance with mist lubrication performance for mineral 
oil. In the first case both boundary and hydrodynamic 
components of mixed friction can be met. With mist 
lubrication however the boundary lubrication component 
is emphasized because less lubricant is available to maintain 
an adequate hydrodynamic film. (Fig. 8). It may be argued 
that with jet lubrication, cooling of the contact zone by 
the jet may account for the improved performance of jet 
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Fic. 8. Bearing friction as a function of bearing temperature for 
two methods of lubrication. 


lubrication. However, the authors have shown that the 
contact zone is not more than 100F hotter than the jet, 
and therefore, even with complete contact zone cooling, 
jet lubrication performance can only be 100F better than 
mist lubrication performance. The experimental results 
showed 200F difference in performance between these 
lubrication methods and it therefore might be concluded 
that a significant amount of hydrodynamic lubrication is 
involved. Another consideration which was not explored 
is the possibility that with mist lubrication most of the 
lubricant is lost at high temperature due to volatilization. 

It can be seen so far that friction due to spinning at the 
contacts is indeed an important part of high temperature 
ball bearing lubrication. Also, since generous quantities 
of silicone fluid did not adequately lubricate, it is clear 
that providing for hydrodynamic lubrication is not sufficient, 
but that boundary lubrication properties must also be 
considered. 

It might be expected that in a system where boundary 
lubrication prevails, performance might be improved with 
EP additives. Fig. 9 shows the results of such an experiment 
comparing mineral oil to mineral oil + 5% EP additive 
in a mist lubricated system. Some improvement was 
obtained from the EP additive, but not as much as might 
be expected with ordinary steels. Further, in another 
experiment not shown here a soluble active sulfur additive 
gave no improvement. These data are far from conclusive 
but they suggest that the ordinary EP concept does not 


apply to the contact friction of mist-lubricated high- 
temperature high-speed stainless steel bearings. Probably 
more reactive steels would respond to EP action. The 
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Fic. 9. The effect of extreme pressure additive on bearing friction 
with air-oil mist lubrication. 


improvement noted with the EP additive tried in the 
experiments might have been simply due to its physical 
properties. 

Another observation that was made during the course 
of these experiments was that lubricants differ greatly 
with respect to the temperature at which the bearing 
runs relative to the mean ambient temperature. Although 
absolute figures are not available because the authors have 
not yet been able to measure the inner race temperature, 
relative values may be estimated from the data available. 
For instance, one of the synthetic lubricants ran at an 
outer race temperature less than the surrounding heating 
block for all temperatures above 400F. This means that all 
of the generated bearing heat was able to flow out through 
the inner race. For mineral oil this point was not reached 
until 700F. This means that the synthetic oil either 
generated very much less heat than the mineral oil or it 
was able to conduct the heat away much better. Since the 
lubricant jet temperature matched the outer race tempera- 
ture, cooling seems to be an unlikely answer and low 
energy generation seems more possible. 


Conclusions 


1. Calculations show that a full-scale axially loaded 
turbine bearing is subject to sufficient sliding (ball-spin) 
that the temperature of its inner race contact ellipse may 
easily be raised by friction to over 100F above ambient, 
even with an assumed friction coefficient of only 0.08. 
If the coefficient of friction for a given lubricant should 
rise sharply with increasing ambient temperature then the 
contact temperature would also increase rapidly. Bowden 
and Tabor (4) have noted abrupt increases in friction with 
temperature in simple sliding experiments. They attribute 
it to desorption of the lubricant film, the temperature 
required to cause desorption being a function of the 
lubricant composition. 

2. It is postulated that since wear, scoring, galling and 
other destructive phenomena tend to increase with tem- 
perature, the friction characteristics of a lubricant are 
important for high-temperature operation of high-speed 
ball bearings. 
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3. It has been shown that operating conditions can be 
chosen for an approximately y scale bearing which gave 
approximately the same Hertz stress, spin velocity, and 
temperature in the contact zone, as obtained in a full-scale 
bearing. 


4. Fatigue, deposits, and friction are considered the 
principal factors limiting high-temperature high-speed 
bearing performance. In the short term experiments 
discussed here fatigue is of no consequence. There is 
also considerable evidence that deposits in these tests do 
not significantly contribute to the observed results. More- 
over, an analysis of the experimental data strongly implies 
that in regard to the friction results the heat transfer 
properties of the lubricants tested are certainly not dominant 
and may not even be significant. Thus the small scale rig 
emphasizes the deposit-free high-temperature friction properties 
of lubricants. 


5. Bearing rig tests with silicone fluid, mineral oil and a 
synthetic ester resulted in sharp increases of bearing friction 
at approximately 350F, 650F, and 800F, respectively. 
This is in agreement with full-scale experience and lends 
support to the validity of the rig tests. 


6. When the bearing is oil-air mist lubricated failure 
occurs at a much lower temperature than with a jet. This 
may be due to an insufficient lubricant supply to provide 
for a hydrodynamic component for mixed friction at the 
contact zone or to a failure to provide any lubricant at all 
because of volatilization of the oil. It is not due to a 
difference of heat transfer potentials for the two lubricating 
methods. 


7. While it has not been established whether or not a 
hydrodynamic component of mixed lubrication is essential 
at the ball-race contact, it has been clearly shown that it is 
not sufficient. Good boundary lubrication properties are 
also needed as evidenced by the early failure of silicone in 
spite of abundant fluid for hydrodynamic lubrication. 


8. Two EP additives used in mist lubricated systems 
did not give appreciable improvement, probably because 
of the stainless steel bearings used. Future tests should 
examine the additives in a hot jet system where an adequate 
supply of lubricant can be maintained in the contact zone 
and with test bearings made of more reactive steels. 


9. It was observed that lubricants differed greatly with 
respect to the temperature at which they will maintain the 
bearing for a given imposed ambient temperature. It is 
probable that those lubricants which permit the bearing to 


run cooler have a lower coefficient of friction at the contact 
zone. 


10. Finally, while the calculations and experiments were 
concerned with heat and friction, and while significant 
differences between lubricants were found in these respects 
alone, it is quite likely that in extended tests heat and 
friction would influence lubricant deposits and bearing 


fatigue, and hence, modify performance through these 
factors also. 


DISCUSSION 


J. C. LAwrENCcE* 


The writer’s company is also currently working on jet 
and mist lubrication of high speed, high temperature ball 
bearings, and is coordinating some phases of work with 
Mr. Accinelli. Our test rig is capable of 100,000 rpm, 
1000F ambient and oil sump temperatures, up to 50 Ib 
thrust load, and with known magnitudes of unbalance. 
This test facility utilizes 15 mm ball bearings, and is 
instrumented to measure both inner and outer race 
temperatures at operating test conditions. The test apparatus 
does operate satisfactorily and is capable of yielding many 
experimental results which we hope will lend credulance 
to the many assumptions the authors have been forced to 
make in their present paper. 

I feel that the authors’ paper is most interesting and 
thought-provoking, and that the approach to the calculated 
operating temperatures of inner and outer bearing races is 
well founded in theory. However, I also feel that there are 
so many assumptions necessary that considerable experi- 
mental evidence is mandatory in order to support the 
validity of the method. 

The authors’ approach to inner race temperature seems 
to be from a macroscopic view. However, it is felt that the 
instantaneous temperature within the ball to race contact 
area is the more important parameter affecting bearing life 
and lubrication. That is to say—bearing life and lubrication 
is affected directly by this interface temperature, and the 
result of this interface temperature is manifested as average 
inner ring temperature. 

Evidence has been previously demonstrated by G. 
Getzlaff and others that bearing operating temperatures 
are also a direct function of the volume of lubrication per 
unit time and the bearing rpm, a point which was not 
clear to me that the authors controlled in their tests. 

I believe there are also three separate considerations as 
to the mechanism of lubrication which should be con- 
sidered in interpreting the results reported in this paper. 
If one assumes that a hydrodynamic oil film exists between 
the ball and the race, then the temperature-viscosity- 
pressure relation of the lubricant would play a predominant 
part in bearing life and the operating temperature. This 
fact may help to explain the operating temperature differ- 
ences noted between the mineral oil and the synthetic oil. 
On the other hand, if boundary lubrication were the 
major mechanism of lubrication, then the temperature 
limitation of the particular boundary lubricant would 
certainly play a predominant role. In the case of the 
synthetic oil and its reported “low energy generation” 
manifested by the low outer race temperature, I should 
like to suggest a possibility of the vaporization of low 
boiling point compounds in the oil literally soaking up the 
heat generated. This effect would not last, however, during 
the course of a long term test, in that these more volatile 
compounds would boil off and their cooling effect would 
cease. If the synthetic oil used in these tests contained an 
EP additive it may well be that the action of this additive 
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aided in the lower operating temperature observed with the 
synthetic oil. 

I do not imply by any of my remarks that I necessarily 
disagree with the conclusions drawn by the authors, 
but rather to mention some other factors which pass 
through my mind while reading their work. 

May I once again congratulate the authors for a new 
and refreshing attack on an old problem, and I sincerely 
hope that in the very near future we will be able to augment 
their work and others in this field. 

AuTHors’ CLosure: I want to thank Dr. Lawrence for his 
discussion of our paper. 

We are very much interested in the AiResearch rig, 
particularly with respect to its ability to measure the 
inner race temperature. We feel that accurate information 
on the temperature of the inner race can be of great value 
in demonstrating the effect of the temperature gradient 
on the high speed high temperature performance of the 
bearing. We too are considering several schemes for 
accurately measuring the inner race temperature on a 
future rig and would be very interested in learning more 
about a successful arrangement. 

With respect to his statement that our view toward 
inner race temperature was macroscopic, I should like to 
state that in the paper we calculated the temperature rise 
within the ball-to-race contact area and used this parameter 
in arriving at the test conditions of the laboratory rig. 


We agree with Dr. Lawrence that the instantaneous tem- 
perature within the contact zone is very important and it 
was just for this reason that we directed our experimental 
work along these lines. 

More than an adequate quantity of lubricants was 
supplied for the speed employed (40,000 rpm)—15 grams 
per minute. Since the lubricant was heated to match the 
temperature of the bearing and the bearing was externally 
heated we feel that the volume of lubricants per unit of 
time did not significantly affect the temperature of the 
bearing. Distillation data and photographs of the jet stream 
at very high temperature show that only a small fraction 
of the lubricant is vaporized. This amount is not enough 
to cause significant cooling. 
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Effect of Lubricant Viscosity and Type on Ball Fatigue Life 
By WILLIAM J. ANDERSON! and THOMAS L. CARTER? 


Two separate investigations were conducted to determine the effect of lubricants on the fatigue 
life of M-1 tool steel balls in the rolling contact fatigue spin rig. In the first investigation four 
paraffinic mineral oils with viscosities of 5 to 113 centistokes at the 100F test temperature were 
used. Longer life was obtained with more viscous oil, life varying approximately as the 0.2 
power of lubricant viscosity. In the second investigation of methyl silicone, a paraffinic mineral 
oil, a sebacate, a water base glycol and an adipate, each of which had a viscosity of about 10 
centistokes at the 100F test temperature, were used. The 10 per cent life was about 40 times as 
great with the silicone (best) as with the adipate (poorest). The life results correlated fairly well 
with the pressure viscosity characteristics as estimated from lubricants of the same base stocks. 


Introduction 


ALTHOUGH the influence of the lubricant on rolling contact 
fatigue has been the subject of recent studies, little is 
actually known about the relative importance of its various 
properties. The trend toward higher bearing and lubricant 
temperatures in turbojet engines (1) (2) has made the 
development of new bearing materials and lubricants 
mandatory. It would be worthwhile to be able to predict 
with laboratory tests the effect of a particular lubricant on 
fatigue. To make this possible, the relative importance in 
fatigue of measurable lubricant properties must be under- 
stood. Of the various lubricant properties which may be 
important to fatigue life, viscosity has, perhaps, received 
the most attention. In (2) and (3), it was found that the 
life of ball and roller bearings generally increased with 
increasing viscosity. In (4) a similar correlation of life with 
lubricant viscosity was obtained in ball fatigue tests. 
The authors of (4) point out, however, that this correlation 
was obtained only with the same type of lubricant. Low 
viscosity lubricants of one type gave better life than high 
viscosity lubricants of another type, so that viscosity is not 
the only factor. In (5) an attempt was made to correlate life 
with pressure viscosity coefficient, but the results were 
inconclusive. 

This investigation was conducted to determine the effect 
on life of paraffinic mineral oils of varying viscosity and 
also of various base stock lubricants with approximately 
equal viscosities in the hope that the data would shed some 
light on the role of lubricants in fatigue life. The results are 
based on work reported in (6) and (7). 


Apparatus 


Figure 1 is a cutaway view of the rolling contact fatigue 
spin rig. The rig design and operation are described fully 
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in (6), (7) and (8). In this rig two balls are driven by air 
jets around the bore of a vertically mounted cylindrical 
race at orbital speeds to about 30,000 rpm. The balls assume 
a fixed axis of rotation so that all stresses are applied 
to one circular track. Loading results from centrifugal 
force and is changed by adjusting speed. Speed and 
temperature are controlled automatically and a failure 
detection and automatic shutdown system is provided. 





Fic. 1. Schematic diagram of rolling contact fatigue spin rig 
Fic. 1 (a) Cutaway view, Fic. 1 (b) Schematic view. 
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The lubricants were introduced through a capillary tube in 
droplet form, but the high speed air jets quickly atomized 
the droplets. Lubricant flow rate was about 15 ml. per hour. 
The properties of the various lubricants are given in 
Table 1. All of the balls used in these tests were made 
from a bar of air melt M-1 tool steel (0.80% C, 4% Cr, 1% 
V, 1.5% W, and 8% Mo) hardened to Rockwell C 63 to 64. 


Results 
Effect of Viscosity on Life 

The life results obtained with the four paraffinic mineral 
oils are shown in Fig. 2. Data for each of the oils have been 
plotted on special coordinates based on the Weibull 
distribution using the method outlined in (9). The fatigue 
lives at failure probabilities of 10 and 50% are noted on 
the plots. 

If these 10 and 50% lives are plotted against the lubricant 
viscosity at the 100F test temperature on log-log coordinates 
an approximately straight line relation results for each of 
the lives (Fig. 3). The empirical relatioris are given as 

Ly = 11.3 x 10° pp?" 
Leg = 245 X 10° p*26? 
where yp is viscosity in cs. 


These relations represent a good approximation to the 
expected life over the viscosity range investigated. How- 
ever, an extrapolation to zero viscosity would yield zero 
life, which obviously is not correct. A better way to 
represent the data would be to introduce viscosity as a 
variable in the Weibull equation: 


S = e-KL° 
where 
S = probability of survival = 1 — fraction failed 
L = life, stress cycles 


and K and « are constants for a particular material-lubricant 
combination. With viscosity a variable, both K and «¢ 
become functions of 4. The equation which fits the data 
points best is 


a x 10-8 0-625 + 0-007 Va 
|- (; + wazvA) | 
e 


Figure 3 shows this equation applied to the 10 and 50% 
lives. This equation probably represents the viscosity-life 
relation better since it yields a finite life at zero viscosity. 
Any extrapolation of this curve beyond the limits of the 
data points would, of course, have to be checked ex- 
perimentally. 


s= 


Effect of Base Stock on Life 


The life results obtained with the five different base 
stock lubricants are shown on Fig. 4. Despite the fact 
that each of these. lubricants had approximately the same 
viscosity at the 100F test temperature (Table 1) a wide 
variation in lives was obtained. The 10% lives varied 
from 2.4 x 10° stress cycles for the adipate to 106 x 10° 
stress cycles for the silicone—a ratio of about 40 to 1. 
Twenty-one balls were run with the silicone but only 
five were failed because of the extremely long lives. This 
number of failures is less than that desired but it is believed 
that the position of the line in the region of the 10% life 
is determined with reasonable accuracy. 











TABLE 1 
Properties of Lubricants before Test 
Viscosity, Pressure 
CS viscosity 
coefficient, 
Viscosity Neutralization psi-? 
Lubricant 100° F 210° F index number (a) 
Grade 1005 mineral oil 5.07 1.68 100 0.05 — 
Grade 1010 mineral oil 10.14 2.49 71 0.05 5.38 x 10-5 
Grade 3042 mineral oil 24.20 4.51 111 0.05 _ 
Grade 1065 mineral oil 118.6 11.94 98 0.06 — 
Methy] silicone 10.27 4.42 270 0.05 8.35 x 10-5 
Di (2-ethylhexyl) sebacate 13.5 4.91 229 0.15 2.52 x 10° 
Polyalkylene glycol 8.62 2.27 77 1.03 3.28 x 10-5 
Diisooctyl adipate 9.80 2.76 143 1.32 b 




















® Data obtained from ref.(10) for lubricants of similar base stock 
» Data unavailable. 











BALL LIFE, MILLIONS OF STRESS CYCLES 
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Fic. 2. Fatigue Life of M-1 balls with various paraffinic mineral oils. 
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Fic. 4. Fatigue life of M-1 balls with various base stock lubricants. 


Discussion of results 


The reasons for the variations in life with viscosity and 
base stock are not known. In addition to its function as a 
lubricant for sliding surfaces and as a coolant, the lubricant 
taay influence the stress distribution and thus the maximum 
stress occurring in the contact zone between a ball and race. 
Since life varies inversely as the maximum stress raised 
to the tenth power, small reductions in the maximum 
contact stress would produce significant increases in life. 
If viscosity is an important variable, it would seem logical 
that the actual viscosity in the contact zone and not that 
measured at atmospheric pressure would be important. 

It is well known that the viscosity of lubricants varies 
with pressure and that various lubricants have different 
pressure-viscosity characteristics. Pressure viscosity charac- 
teristics are usually expressed in terms of a pressure- 
viscosity coefficient which represents the rate of change of 
log » with pressure. The actual viscosity under pressure 
would then be a function of the initial viscosity and of the 
pressure-viscosity coefficient. For the various base-stock 
fluids used in this investigation the viscosities under 
pressure could be expected to vary as the pressure-viscosity 
coefficients. Although pressure viscosity data were not 
available for these actual fluids, data for similar base stocks 
are given in (10). A plot of the 10% life against pressure- 
viscosity coefficient is shown in Fig. 5. Only four points 
are shown because data for the adipate were not available. 
In this instance there appears to be a correlation between 
life and pressure-viscosity coefficient. As stated above, the 


authors of (5) attempted such a correlation but the results 
were inconclusive. 

Dorr (11) succeeded in obtaining a solution for the 
pressure distribution between an infinitely long roller and a 
race. His results predict a decrease in maximum contact 
pressure with increasing viscosity but his assumption of 
constant viscosity may affect the validity of the results. 

It is possible that the dynamic response of viscosity to a 
rapidly changing pressure is of prime importance. None of 
the pressure-viscosity data available were obtained under 
dynamic conditions as functions of time. In (12) it is 
shown experimentally that the viscosity of a lubricant at 
0.001 second after the application of a high pressure is 
appreciably less than its equilibrium viscosity at the same 
pressure. In the fatigue spin rigs, a stress cycle on a volume 
element occurs in about 8 x 10-® seconds at 30,000 rpm. 
Therefore, the time rate of change of viscosity under the 
application of a rapidly changing pressure may be of 
greater importance than the pressure viscosity coefficient 
under equilibrium conditions. It may be that the viscosities 
of different base stock lubricants do not change under 
dynamic conditions in a way that correlates with their 
equilibrium pressure viscosity coefficients. 

While the data presented here seem to indicate that 
increased viscosity is beneficial to fatigue life, they are by 
no means extensive enough to be conclusive. Other proper- 
ties, such as bulk modulus or chemical activity may be of 
prime importance. Among the various base stocks in- 
vestigated, the best life was obtained with the least reactive 
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Fic. 5. AISI M-1 tool steel ball life as function of pressure- 
viscosity coefficient. 


lubricants (silicone and mineral oil) and the poorest life 
with the most reactive (adipate and sebacate) although no 
evidence of chemical action was discernible on any of the 
test balls. The corrosion theory of fatigue has received 
some attention and it has been found that different alloys 
vary in their sensitivity to corrosion in the presence of 
synthetic lubricants at high temperatures (13). It is 
interesting to note that, among the base stock lubricants, 
those with the lowest neutralization numbers gave the best 
life. 

Additional data are required to help tie down the 
important variables, and further experiments and analyses 
are planned. 


Statistical reliability of data 


Interpretation of the data presented must be tempered 
by the confidence in its statistical reliability. Confidence 
limits for the data were calculated by the method of (14) 
and are shown on Figs. 3 and 5. These confidence limits 
are generally wide in relation to the observed differences in 
lives. The difference in 50% lives over the range of vis- 
cosities investigated on Fig. 3 is on the order of 14 standard 
deviations. However, the Weibull plots of Figs. 2 and 4 
were all obtained by a least-squares best fit technique 
so that they are objective. Therefore, if no correlation be- 
tween life and viscosity exists the probability of the lives 
falling in order of ascending viscosities is only 1 in factorial 
4 or 1 in 24. 

The data of Fig. 5 shows an over-all difference in life of 
about 2} standard déviations. Here again the probability 
of the lives falling in order of ascending pressure viscosity 
coefficients if no correlation exists is only 1 in 24. 


WILuiiaM J. ANDERSON AND THOMAS L. CARTER 


Summary of results 


The rolling contact fatigue spin rig was used to evaluate 
the effect of four paraffinic mineral oils of varying viscosity 
and also of five different base stock lubricants of about the 
same viscosity on the fatigue life of M-1 tool steel balls. 
The four paraffinic mineral oils had viscosities of 5 to 113 
centistokes at 100F and, over this range of viscosities, life 
increased with increasing viscosity, varying approximately 
as the 0.2 power of viscosity. 

The base stocks tested were a methyl silicone, a paraffinic 
mineral oil, a water base glycol, a sebacate, and an adipate. 
A significant variation in life was obtained with these 
lubricants, the ratio of 10% lives being about 40 to 1 
from the silicone to the adipate. Life correlated fairly well 
with the pressure viscosity coefficients of similar lubricants 
but more extensive data are needed before definite con- 
clusions can be made. 

Among the base stocks tested, those that are the least 
active chemically (silicone and mineral oil) gave better 
life results than the most active lubricants (adipate and 
sebacate) although no evidence of chemical action was 
discernible on any of the test balls. Further studies are 
required to determine the relative importance of various 
lubricant properties such as viscosity, pressure viscosity, 
bulk modulus, relative chemical activity and others. 
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DISCUSSION 


P. M. Ku*: The effect of lubricant viscosity and type on 
the fatigue life of ball bearings has been a subject of intense 
interest in recent years. As pointed out by the authors, the 
data now available are both limited and inconclusive. 
For this reason the authors’ paper, showing that ball 
fatigue life is decidedly affected by lubricant viscosity, is 
an important contribution and most welcome. 

The Southwest Research Institute has recently been 
engaged also in a study of the effect of lubricants on ball 
fatigue. The Barnes type one-ball fatigue test machine (1) 
is being used for this work. This investigation has not yet 
progressed very far, but some of the data obtained may be of 
interest here. 

Figure 1 shows the effect of ball speed on ball fatigue 
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life, using two synthetic lubricants. GTO-309 is a qualified 
MIL-L-7808 gas turbine lubricant. GTO-315 is a British 
type gas turbine lubricant, having a higher viscosity. The 
data for GTO-309 are presented for two ball loads, 400 and 
600 Ib, which correspond to maximum Hertz stresses of 
450,000 and 525,000 psi, respectively. For this lubricant 
at 400-lb ball load, the actual experimentally determined 
values are presented, along with values calculated from 
experimental data obtained at 600-lb ball load. In making 
these calculations, the inverse cube relationship between 
fatigue life and load is used (a relationship comparable to 
the one used by the authors). It is seen that the experimental 
and calculated values are in excellent agreement. 

Figure 1 also shows that the ball fatigue life, expressed 
in number of stress cycles, increases with increased ball 
speed. We have found this to be true also with gear tooth 
surface fatigue (2). The reason for this is not fully under- 
stood. 

In Fig. 2, the relation between ball fatigue life and 
conventionally measured lubricant viscosity is shown. Here, 
GTO-301 is another qualified MIL-L-7808 gas turbine 
lubricant, and GTO-33 is a silicone fluid. As in the pre- 
vious figure, both actual experimentally determined 
values at 400-lb ball load, and those calculated from data 
obtained at 600-Ib ballload, are presented. Note that a nearly 





* Southwest Research Institute, San Antonio, Texas. 





10 xt 











7 7 , tT , ‘ wa 7 
© EXPERIMENTAL © STO-3I5 | 
L © CALCULATED 
LOAD=400LB8 ev0-83) — 
ui / } 
& 
33 
r ' Z 
of 
uf 6TO-301 
ao 
<7 © GTO-309 7 
26 J ® GTO- 309 
zo «C«#F 4 
2 
oO 1 L . 1 4 1 1 A + 
r) 5 10 


VISCOSITY AT 210°F,CS 
Fic. 2. Effect of viscosity on ball fatigue life. 


linear relationship is obtained here, in much the same 
manner as that obtained by Otterbein for roller bearings (3). 

We have also attempted to study the effect of corrosion 
by comparing the ball fatigue life obtained with a qualified 
MIL-L-7808 lubricant, with that obtained with the same 
lubricant after it has become corrosive in storage. We have 
been unable to detect much difference. On the other hand, 
our work on gear tooth surface fatigue has shown a marked 
reduction of fatigue life for the deteriorated sample (2). 

In conclusion, it should be remarked, as have the 
authors, that if viscosity is an important variable, then the 
actual viscosity in the contact zone is the one that counts, 
not the conventionally measured viscosity. Unfortunately, 
information on the effect of pressure, temperature, the 
rate of application of load, etc., on viscosity is not available 
for most lubricants of interest here. Nevertheless, it is 
clear that the trend suggested in Fig. 2 may be entirely 
fortuitous. Likewise, when the results are presented on 
different bases, as with the authors’ Figs. 3 and 5, it is 
difficult to tell whether or not factors other than viscosity 
are possibly being involved. 
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Eart G. Jackson*: The type of data presented by the 
authors is very welcome even if, as they state, much 
further work is still required. It has become apparent that 
increased temperatures on aircraft bearings are emphasizing 
the number of parameters important to fatigue life. So 
many, in fact, that only by means of such a device as 
used in these experiments, can they all be examined 
exhaustively. 
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Data from an equivalent “bench” tester in the Thomson 
Lab have shown that even variations in clean heats of the 
same material can produce differences in fatigue life and 
in response to different oils. Therefore, I wish to ask the 
authors if the same batch of balls was used throughout their 
tests, otherwise a coincidental difference in two or more 
heats might be confusing the viscosity and lubricant type 
results. 

Secondly, I wonder how much influence, if any, is 
effected by the “atomization” of the lubricating fluids. 
Does the heavier viscosity result in larger droplets which 
have a different wetting effect on the balls or races? It 
has been observed that nozzle velocity is sometimes 
critical in lubricating aircraft bearings. 

While I would hesitate to put heavy reliance on the 
specific constants of the author’s equations, it can be 
seen by simply plotting the rate of increase in life against 
the rate of increase of viscosity that a reasonable picture 
is obtained. That is, the curve starts up steeply and tapers 
off, indicating that the “cushioning” effect of the lubricant 
is reaching a maximum. 

The authors point out that the build-up of viscosity 
under pressure may well be at a slower rate than the 
application of load, This is a serious question in trying to 
delineate the exact mechanism of hydrodynamic lubrication 
of ball bearings. However, on a qualitative basis, it is also 
true that the decay in viscosity is at a slow rate. Therefore, 
it may be that successive loadings on an increment of 
fluid on the race build the viscosity up to a level approaching 
that of static tests. Then, on the ball path there will exist a 
layer of “‘frozen”’ oil of very high viscosity. 

As the authors suggest, the pressure-viscosity coefficient 
may be only one of several mechanisms involved. In the 
bench tester, mentioned before, it has been determined 
that samples of diester when oxidized will give markedly 
different fatigue lives, either longer or shorter, depending 
on ball material. Since the bulk properties of 99+-% of the 


material are unchanged, this is strong evidence of a chemical 
effect on fatigue life. 

AutuHors’ CLosurE: The authors are pleased to know 
that others consider dynamic loading conditions to have an 
important effect on lubricant properties and stress dis- 
tributions in the bearing contact zone. Results observed 
by Mr. Ku concerning the effect of rolling speed on ball 
life may be due to the resistance of the lubricating fluid 
to ball motion. For a given lubricant viscosity, an increase 
in rolling speed would result in an increase in lubricant 
pressure ahead of the nominal Hertz contact area; this 
increase in lubricant pressure effectively decreases the 
maximum contact stress. The decrease in contact stress 
would result in greater life. The results reported by 
Mr. Ku emphasize a need for caution in interpreting test 
data obtained at accelerated speeds. The increased life at 
very high speeds may obscure other important factors 
which are predominant at normal bearing application 
speeds. 

The authors agree with Dr. Jackson that significant 
differences in physical properties exist for different heats 
of the same nominal composition and further believe that 
variations exist within the same heat due to composition 
and cleanliness gradients in the cast ingot. All data reported 
in this paper were obtained with balls from the same piece 
of bar stock. 

The authors do not feel that the size of the “atomized” 
droplets has a significant effect on life results. The airstream 
serves only as a vehicle to carry the lubricant droplets to the 
contacting surfaces. Flow rates are high enough to maintain 
an excess of fluid in a continuous film on all surfaces. 

Dr. Jackson’s point on the rate of decay of viscosity 
may be a partial explanation of the increase in life with 
increasing rate. of stressing. A higher effective viscosity 
brought about by an increased rate of stressing might 
mean a decrease in maximum contact pressure and an 
increase in life. 











Investigation of Oil Additives for 
Boundary Lubrication of Railroad Journal Bearings 


By ARNOLD MILLER! and ARTHUR A. ANDERSON? 


The boundary friction properties of the lubricated system of steel sliding on lead-base babbitt 
were investigated as a phase of the Association of American Railroads’ sponsored project on 
freight car hot boxes. A friction pendulum was developed for determining the coefficients of 
boundary friction as a function of temperature with the specified metals lubricated with 


various lube oil additive blends. 


A group of general relationships dealing with additives for the steel-babbitt system was 
developed. It is concluded that the extreme pressure agents containing sulfur or chlorine are 
generally unsuited for railroad journal bearing use. Lubricity additives which function by 
simple physical adsorption were found to be ineffective at moderate or high temperatures 
existing in railroad operations. Those lubricity additives which chemisorb to metal surfaces and 

form a close-packed layer were found to be effective antifriction agents. 


Introduction 


THE complexity of the hot box problem stems from the 
interaction between the various independent operating 
variables. Gross overheating of the journal bearing system 
results in eventual destruction of waste and lubricant and 
in deformation of both the journal and the bearing, rendering 
the determination of the cause of bearing malfunction 
extremely difficult. It is necessary to define and to isolate 
the contributing factors. Each of them must be investigated 
first under carefully defined conditions, and then systems 
must be devised to study the interaction of these variables 
under practical conditions. This paper describes the 
detailed laboratory investigation of the lubrication of steel 
sliding on lead-base babbitt under pure boundary 
conditions. 

The primary objective is to determine which classes of 
oil additives and which specific compounds act effectively 
to reduce the coefficient of boundary friction in the steel- 
babbitt couple. This approach would be attractive from a 
practical viewpoint, since, if it is effective in reducing 
journal bearing breakdown, it may be placed in practice 
without any changes in the mechanical features of the 
existing journal box arrangement. While boundary lubrica- 
tion conditions may be important during starting, stopping, 
and bumping of freight cars and could become exceedingly 
important during “starved” oil feed, full-scale bearing 
studies must be conducted to determine their significance 
in operating bearings. 
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Basic considerations 


Under optimum operating conditions, the 120° partial 
journal bearing exhibits frictional characteristics which 
can be determined by application of the laws of hydro- 
dynamics. Under these conditions, the coefficient of friction 
f is related to the geometry of the bearing system, shaft 
velocity, and the viscosity of the lubricant. The theory of 
hydrodynamic lubrication of railroad journal bearings is 
treated in a recent paper by. Lee (1). The two mating surfaces 
in this lubrication region are separated by a relatively 
thick wedge of compressed lubricant; the composition of 
the bearings does not enter into the calculation of lubricating 
effectiveness. 

If the thickness of the oil film is, allowed to fall much 
below 25 millionths of an inch, all apparent hydrodynamic 
effects cease, and pure boundary lubrication phenomena 
prevail. In this region, the friction forces are essentially 
independent of the shaft velocity, the applied load, the 
geometry of the bearing, and the viscosity of the lubricant. 
The friction forces become dependent upon microscopic, 
surface, chemical phenomena in which there is interaction 
between the metals of the bearing faces and the components 
of the lubricant. 

The theory of boundary lubrication advanced by Bowden 
(2) is predicted on the concept that effective lubricants 
function by interaction with the metals in the mating 
surfaces to change the nature of the surface and to decrease 
the coefficient of friction either by lowering the shear 
strength of the resultant microscopic surface welds or 
decreasing the number of such welds. Since boundary 
friction is a surface phenomenon, the effectiveness of an 
oil blend may be altered by addition of small concentrations 
of agents which radically change the nature of the mating 
surfaces, so that the net effectiveness is determined by the 
type and extent of the reaction with the specific metals in 
question. Lubricity additives function by either physical 
adsorption or chemisorption of the reactive function 
group with the surface atoms of the bearings. Extreme 
pressure agents thermally decompose at elevated tempera- 
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tures, giving rise to reactive fragments which form low 
shear strength compounds with the bearing metals. 

In all cases involving the investigation of boundary 
friction phenomena, it is extremely important to investigate 
the additive systems in connection with specific bearing 
metals, because the nature of the reaction products and the 
coefficient of boundary friction are determined by the 
bearing metals used. 


Test method 


The evaluation of lubricants for use under boundary 
conditions in the railroad journal bearing requires a device 
for the accurate measurement of coefficient of boundary 
friction for a steel-babbitt system. The device must be 
such as to avoid any hydrodynamic lubrication effects 
and to allow measurement of coefficient of friction over a 
range of temperatures. 

A pendulum apparatus based on the instruments 
discussed by Kyropouplos and Shobert (3) and by Barker (4) 
was developed on this program. Advantage is taken of the 
equations describing the dampening of the oscillations of a 
compound pendulum by friction forces. If it is assumed 
that (a) the normal force of the bearing is independent of 
the centrifugal force or the pendulum amplitude, that (b) 
air dampening is negligible, and that (c) the moment of 
friction is constant, it may be shown that under boundary 
conditions the coefficient of friction is a linear function of 
the decrement in amplitude during each oscillatory cycle. 
The coefficient of friction f is represented by the equation 


L cos (Ay — An) 
f= ae 


where L is the distance from the center of gravity to the 
point of suspension of the pendulum, 26 is the angle between 
the bearing faces, r is the radius of the journal, Ay and Ay 
are the amplitudes in radians of the first and nth periods. 
Thus, with pure boundary friction, a straight line re- 
lationship is obtained between pendulum amplitude and 
the number of the oscillation cycle. If hydrogynamic 
lubrication is introduced, the condition is detected readily 
by deviation from the straight line relationship in the 
plotted data. 

Fig. 1 is a view of the boundary friction pendulum 
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Fic. 1. Friction pendulum. 


developed in this study. A 0.5-in. diameter lapped and 
polished AAR Specification M101 steel journal is mounted 
in the yoke of the pendulum assembly, and the unit is 
suspended on a Vee bearing consisting of two polished 
lead-base babbitt bearing blocks mounted at right angles 
to each other. The pendulum is released in a reproducible 
manner by means of an electromagnet, and the maximum 
amplitude for each period is recorded on waxed indicator 
paper mounted on the curved scale. A spark generated 
by the induction coil system is used as the marking mech- 
anism. A furnace and appropriate control and recording 
instruments are used for the elevated temperature studies. 
All tests were conducted in a room held at 40% relative 
humidity and 75°F. Prior to use, journals and bearings 
were subjected to rigid cleaning procedures involving 
rinsing with hot organic solvents; polishing with levigated 
alumina; rinsing with water, methanol, and benzene; and 
finally vacuum drying. 

Journal lengths were varied from 0.5 to 1.0 in., and the 
applied load was varied by 25%, without significant change 
in coefficient of boundary friction for reference oils lubricat- 
ing the system of steel sliding on babbitt. In the absence 
of lubricant, observed coefficient of friction values were 
constant at 0.44 from 75° to 220°F. No continuous babbitt 
coating was observed to form on the steel surface, but the 
babbitt was removed from the bearing surface in discrete 
flakes. Above 220°F, f increased rapidly with attendant 
galling and seizure. 


Experimental results 


The boundary friction pendulum was used to investigate 
the friction properties of a selected group of base oils, 
extreme pressure and lubricity additives, chelate 
compounds, and commercial blends. Results of these 
studies carried out through a temperature range of 75° 
to 450°F are discussed in the following paragraphs. 


Base Oils 


In utilizing a series of base oils (without additive) as 
reference fluids, it was necessary to break in the babbitt 
bearings by allowing the pendulum to oscillate and then to 
come completely to rest thirty times before reproducible 
results were obtained. When a new steel journal was used 
with a pair of babbitt bearings lubricated with a Penn- 
sylvania base oil (AAR Specification EM 906-50 type) 
and previously broken in, the coefficient of friction rose 
steadily to a maximum value and then decreased to a 
constant value. Microscopic examination of the journal 
revealed that a layer of babbitt was deposited on the 
journal in the region of contact. It appears, therefore, that 
the metal system of interest is steel-backed babbitt against 
babbitt, rather than steel on babbitt. This variation 
(during babbitt break-in) of the coefficient of friction is 
shown graphically in Fig. 2. 

If boundary conditions exist during railroad freight car 
operations, a similar babbitt coating should be observable 
on service journals. The top layer of steel was removed 
from a journal used in railroad service and analyzed. 
The lead content was found to be 0.24%, about 40 times 
greater than the experimentally determined lead content of 
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Fic. 2. Friction curves indicating babbitt transfer. 
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a control sample of M101 steel. This result strongly indi- 
cates that babbitt transfer to the journal occurs in service 
also. 

In order to ascertain the effect (or lack of effect) of 
various base oil stocks of different viscosity on the boundary 
friction, standard blends of base oils were prepared in the 
laboratory or obtained from commercial sources. No 
significant differences were found to exist in the boundary 
friction behavior at room temperature of oils from the 
same source but of varying viscosity. For example, identical 
f values of 0.20 were obtained for Pennsylvania 150 neutral 
(150 SUS at 100°F) and Pennsylvania bright stock (2500 
SUS at 100°F). 

Fig. 3 summarizes the results obtained with a series of 
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Fic. 3. Variation of coefficient of friction with temperature for a 
series of base oils. 


journal box oils without additive. These oils included: 
two EM 906-50 type oils, a renovated car oil, and two 
EX-50 type car oils (40-42 SUS). For these various lubri- 
cating systems, no significant differences between the 
various oils is observed. The decrease in f above 200°F 
for all of the base oils is probably associated with oxidation 


of lubricant leading to transient formation of acids (or 
peroxides) which tend to reduce the boundary friction. 
These data tend to disprove the belief that renovated car 
oils exhibit better boundary friction properties than new 
car oils in steel sliding on babbitt. 


Chlorine-Containing EP Agents 


Carbon tetrachloride has been utilized in many studies 
as an excellent source of reactive chlorine at elevated 
temperatures and serves as a laboratory reference. It has 
not been applied to practice as an EP agent in steel systems 
because of its extreme corrosivity. The results obtained by 
using a 1% solution of carbon tetrachloride in Pennsylvania 
base oil are shown in Fig. 4. The introduction of the 
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Fic. 4. Variation of coefficient of friction with temperature of 1% 
carbon tetrachloride and of commercial chlorine compound in 
Penn Base Oil. 


additive results in an increase in f at moderate temperatures. 
At the higher temperatures, carbon tetrachloride produces 
values of f which approach those obtained with the base 
oil alone. This latter effect probably is associated with the 
volatility of the additive. 
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The effects obtained with a representative solid com- . 


mercial additive containing chlorine are also shown in 
Fig. 4. The introduction of the additive results in a similar 
increase in f. The increase persists at high temperatures 
of the nonvolatile additive, in contrast with the loss of 
effect at these temperatures for the blend containing carbon 
tetrachloride. These results indicate that the shear strength 
of the reaction product, lead chloride, is greater than that 
of the babbitt, so that an increase in the coefficient of 
boundary friction is produced. These data are in agreement 
with the results obtained by Merchant (5) on cutting oil 
operations. Therefore, it is concluded that chlorine- 
containing additives are not suitable for use in lubricating 
oil blends for journal box application. 


Sulfur-Containing EP Agents 

A series of organic disulfides in 40-42 SUS base oil were 
investigated to determine the effect of varying the molecular 
chain length. Representative results obtained with dibutyl 
disulfide, dilauryl disulfide, and dibenzyl disulfide are 
shown in Fig. 5. It can be seen that the chain length of the 
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Fic. 5. Variation of coefficient of friction with temperature of 
three sulfur-containing additive blends in 40-42 SUS Car Oil. 


disulfide does not alter the effectiveness (or lack of effective- 
ness) of the additives throughout the temperature range 
studied. Dilauryl disulfide was vsed at 0.1% concentration 
(limit of solubility), while the shorter chain length disulfides 
were used at a concentration of 1.0%. The moderate 
decrease in f at approximately 200°F for dilauryl disulfide 
is believed to be caused by dilauryl mercaptan present as an 
impurity. The dibenzyl mercaptan forms a polymeric 
coating on the surface of the bearing at elevated 
temperatures. 

The addition of organic peroxides or metal salts was 
found to have little effect on the lubricating properties of 
these blends, 

The lack of positive effects of organic disulfides in 
reducing f in steel-babbitt systems indicates that either (1) 
the temperatures to which the bearing metals are exposed 
in the test are insufficient to decompose these EP agents, 
or (2) the lead sulfide formed on the surface of the bearing 
does not have appreciably lower shear strength than the 
babbitt itself. Existence of the latter condition would 
preclude use of sulfur in the babbitt bearing, while the 


former condition would require development of sulfur 
additives which decompose thermally at a lower temperature 
than is normally required for additives of this type. 

The effects of sulfide coatings on babbitt surfaces were 
investigated by the application of inorganic sulfur com- 
pounds in 40-42 SUS base oil. These compounds are 
extremely active (and, hence, corrosive) sources of sulfur. 
The results obtained for several representative inorganic 
sulfur compounds are summarized in Fig. 6 and 7. Both 
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Fic. 6. Variation of coefficient of friction with temperature of 
NaHS and H,0O blends in 40-42 SUS Car Oil. 
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Fic. 7. Variation of coefficient of friction with temperature of 
Na,S.9H,O and NaS; blends in 40-42 SUS Car Oil. 


the saturated solution of sodium sulfide and the slurry of 
3% sodium polysulfide exhibited frictional behavior 
similar to the base oil alone. A saturated solution of sodium 
bisulfide, however, exhibited a frictional behavior poorer 
than that of the baseoil alone. It is observed that the 
addition of water to the sodium bisulfide or sodium sulfide 
mixtures in oil (to form an emulsion) produced an improve- 
ment of these friction properties over those of the base oil 
alone. Addition of water to pure base oil (without additive) 
resulted in increased f. It appears that the presence of water 
in oil mixtures of inorganic sulfur compounds is necessary 
to the formation of an effective layer of lead sulfide. 

The importance of water in these additive systems may 
be further demonstrated by the results obtained with a 
1.0% slurry of sodium sulfide in 40-42 SUS oil. As shown 
in Fig. 6, f is quite large for such a system. During the 
tests, the bearings and journals become coated with a 
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heavy black sulfide deposit, but severe seizure of the 
metals still occurred. The formation of an emulsion by 
addition of water to the bisulfide mixture caused a decrease 
in f. In all cases, corrosive attack on the metal surfaces was 
excessive. 

Sulfurized pinene, produced by the reaction of sulfur 
with pinene at elevated temperatures, has been a popular 
EP agent in various bearing systems. Mixtures normally 
prepared contain as much as 40% total sulfur. The viscous 
products formed by cooking pinene with sulfur at elevated 
temperatures are described by Budnikoff (6). Nakeatasuchi 
(7) extended this work to a series of terpenes, obtaining a 
thiocineaol in the case of limonene. Burwell (8) found that 
it is possible at elevated temperatures to obtain conversion 
of pinene to limonene. Thus it might be expected that 
both the thioepoxide and thiocineaol would be present, 
as well as lesser amounts of disulfides. In addition, free 
polysulfides are present in the complex mixture; they in 
themselves may function as a source of reactive sulfur. 

A number of sulfurized pinene blends of both laboratory 
and commercial origin were investigated. Representative 
results with a commercial sulfurized pinene at 0.5% 
concentration in both Pennsylvania base oil and in EX-50 
oil are shown in Fig. 8 and 9. The frictional behavior of 
these and similar blends did not reveal any desirable 
boundary lubrication characteristics. At higher concen- 
trations, f was greatly increased because of the formation 
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Fic. 9. Variation of coefficient of friction with temperature of 
0.5% MS40 in 40-42 SUS Car Oil. 


of considerable polymerization and lubricant deterioration 
at elevated temperatures. 

From these results, it can be said that the use of sul- 
furized pinene additives is not effective in reducing 
boundary friction in journal bearings used in railroad 
practice. In addition, it is concluded that EP additives 
containing sulfur are generally ineffective at temperatures 
existing in railroad bearing service, and the reaction 
products formed on the bearing surfaces do not reduce f 
significantly. 


Chelating Agents 


A new class of substances which may be of value as 
additives in the steel-babbitt system was investigated. 
These substances are capable of forming chelate compounds 
with the bearing metals and may still retain the structural 
requirements for lubricity additives. Samples of ethyl 
n-butyl-acetoacetate and acetylacetone were tested as 
representative types to indicate the feasibility of their 
use as additives. The compounds were studied in Pennsyl- 
vania base oil, both in the presence of and in the absence of 
a proton acceptor (in this case, aniline). The results are 
summarized in Fig. 10. 
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Fic. 10. Variation of coefficient of friction with temperature of 
dentate compounds and aniline in Penn Base Oil. 


The test results do not reveal a decrease in f as expected 
from the theoretical analysis of the action of these com- 
pounds, and work on these agents was discontinued on this 
program. 


Mercaptans as Lubricity Additives 


A series of mercaptans of varying chain length were 
dissolved in 40-42 SUS base oil and evaluated to determine 
the variation of f with respect to temperature. The results 
obtained in these tests with 1.0% additive concentrations 
are shown in Fig. 11. The low-molecular-weight mercaptans 
are strongly adsorbed on the metal surfaces, but the short 
chain length results in an increase in f. An increase in 
chain length to the 12 carbon atoms of lauryl mercaptan 
results in an improvement in the friction behavior through- 
out the temperature range studied. 

There was no definite evidence of mercaptan decomposi- 
tion at elevated temperatures with subsequent formation 
of a sulfide layer. However, tar products and corrosion were 
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Fic. 11. Variation of coefficient of friction with temperature of 
several mercaptan blends in 40-42 SUS Car Oil. 


observed at the conclusion of each experiment. The 
occurrence of a minimum value in the friction curve for 
lauryl mercaptan is believed to be associated with the 
chemical reaction between the functional group and the 
metal atoms in the surface giving rise to a compact surface 
film of metal mercaptide. Increasing the temperature 
imparts sufficient thermal energy to the sorbed molecules 
to break the bonds, increases the rate of desorption, and 
thus increases the f value. The regular increase in f with 
temperature for the shorter chain compounds (to a maxi- 
mum at about 250°F) is considered to be a normal 
characteristic of a physical adsorption process. 


Organic Acids as Lubricity Additives 

The friction properties of stearic acid were investigated 
with a 40-42 SUS base oil. This material is effective at 
0.5% concentration at temperatures as great as 250°F. 
Stearic acid, however, is only slightly soluble in the base 
oil at room temperature, and at concentrations which seem 
to be desirable, it tends to separate from solution at reduced 
temperatures. Oleic acid is found to be almost as effective 
in reducing friction and is highly soluble in this base oil 
at reduced temperatures. The friction temperature be- 
havior of oil blends containing these fatty acids is shown 
in Fig. 12. 
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Fic. 12. Variation of coefficient of friction with temperature of 
fatty acid blends in 40-42 SUS Car Oil. 


The occurrence of minimum values in the f curves of 
the two additive blends is similar to that observed for the 
lauryl mercaptan (Fig. 11). In the case of the fatty acids, 
it is indicated that the minimum values are associated with 
chemical adsorption of the additive on the metal surface, 
with the formation of lead or iron soaps. As the temperature 
is increased gradually, a greater fraction of adsorbed 
fatty acid molecules, held by weak physical adsorption 
bonds, attain sufficient thermal energy to enter into a 
chemical reaction with the metal atoms (or oxides) on the 
surface to form a close-packed layer of soap. At tempera- 
tures in excess of 220°F, thermal agitation of the molecules 
becomes great enough to begin destroying the bond 
between the in-situ soap and the metal substrate. The 
solubility of the soap in the oil increases, as does the 
solubility of the additive itself in the oil, so that concentra- 
tion of the oleic acid at the interface is decreased, and less 
effect on the friction is obtained. 

The effect of rate of diffusion of the fatty acid was 
investigated by using a higher viscosity oil for comparison. 
As the diffusion rate should be less in a more viscous oil 
(thus decreasing the amount of fatty acid available at the 
metal surface to replace the layers removed mechanically), 
the effectiveness of the additive in reducing f may be less 
with a high-viscosity oil than with one of low viscosity. 
However, results obtained with the EM 906-50 type oil 
(Fig. 13) show that values of f are smaller than the cor- 
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Fic. 13. Variation of coefficient of friction with temperature of 1% 
oleic acid in 50-55 SUS Car Oil and of 50-55 SUS Car Oil. 


responding values found with a 1% solution of oleic 
acid in the less viscous 40-42 SUS oil (Fig. 12). This 
result indicates that diffusion is not an important action. 
Differences in the solubility of additive in the various 
petroleum fractions at elevated temperatures may explain 
the observed difference in effectiveness of the additive in 
the two base oils. 

A study to determine optimum oleic acid concentration 
was undertaken and is summarized in Fig. 14, where the 
ordinate is the ratio of the coefficient of friction of a blend 
containing the oleic acid divided by the coefficient of 
friction of the base oil alone. The reduction of coefficient 
of friction by the 1.0% oleic acid solution in Pennsylvania 
base oil to a value of 0.06 in the temperature range from 
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200° to 300°F demonstrates that oleic acid is the most 
effective additive so far discussed. 
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The data presented in Fig. 14 indicate that with greater 
concentrations of oleic acid small additional advantage is 
achieved. When commercial grades of oleic acid are used, 
instead of the water white, fractionated product used in the 
concentration studies, a 1.5% concentration is required 
for optimum results. 

Other studies beyond the scope of this paper revealed 
that adsorption of the additive by the waste pack has a 
negligible effect on the coefficient of friction, the pour 
point is not increased by the additive, and corrosion effects 
on lead-base babbitt or M101 steel are negligible with 
oleic acid blends. 


Dimer Acids as Lubricity Additives 


On the basis of theoretical considerations, it is indicated 
that a symmetrical carbon-to-carbon linked dimer of an 
unsaturated fatty acid may form surface films which are 
effective in reducing f at elevated temperatures. A dimer 
is formed by the combination of polyunsaturated fatty acid 
molecules into a mixture of double chain molecules with 
complex interlocking between the chains. The component 
of the resultant mixture which is of particular interest has 
two symmetrically placed polar groups. Essentially, a 
greater rigidity should be imparted to the surface film, 


and the resultant soaps should be less soluble in the oil at 
elevated temperatures than the simple soap formed with a 
fatty acid. Samples of dimerized linoleic acid were obtained 
to test this possibility. As shown in Fig. 15, the addition 
of a dimer acid results in a reduction in f, but not as much as 
would be obtained from an equivalent quantity of oleic acid. 





f 


‘ 
0.30 4& PENN BASE OIL 


Oo t% DIMER ACID 
0.25 


0.20 F 


0.10 F 


COEFFICIENT OF FRICTION 
° 
a 
T 


0.05 F 








i — n n 1 i i 1 

50 100 150 200 250 300 350 400 450 °F 

10 38 66 93 121 149 177 204 232 °C 
TEMPERATURE 

Fic. 15. Variation of coefficient of friction with temperature of 1% 

dimer acid in Penn Base Oil. 





The dimerization process for methyl linoleate was 
studied by Wheeler and coworkers (9), who concluded 
that the reaction produced products which are low in the 
desired active components. Further search for a source of 
dimerized oleic acid containing a high concentration of the 
desired species was unsuccessful. 


Neutral Additives as Lubricity Additives 


The methyl ester and the amide of oleic acid were 
carefully freed from acid impurities by chromatographic 
techniques and 1% solutions of the compounds in Penn- 
sylvania base oil were evaluated. As seen from the data 
given in Fig. 16, no change in the friction properties 
occurred. 
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Fic. 16. Variation of coefficient of friction with temperature of 
highly purified neutral additives in Penn Base Oil. 


Fig. 17 is a summary of the results obtained with a 2% 
solution of a mixture of methyl esters of the fatty acids 
found in lard oil and for a 2% solution of an ester of 
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Fic. 17. Variation of coefficient of friction with temperature of 
two commercial ester additives in Penn Base Oil. 


rincinoleic acid, both in Pennsylvania base oil. Both of 
these additives are commercial products. While these 
materials decrease f to some extent at elevated temperatures, 
their effectiveness is approximately equal only to that of a 
0.1% oleic acid solution. It was observed that the lard 
oil derivative is not a neutral substance. The acidity of the 
2% blend has a neutralization number equivalent to a 
0.1% oleic acid solution, indicating that the free fatty 
acid impurities in this case are producing the lubricating 
effect. 

Evidence indicates that esters of fatty acids function very 
efficiently as cutting oil additives. At the high temperatures 
obtained in the cutting operation, together with presence 
of extremely reactive metal surfaces, hydrolyses of the 
ester occurs and free fatty acids are formed at the site of 
cutting. Lubricity efficiency of methyl esters of natural oils, 
such as lard or sperm oil, in the low temperature range is 
actually based to a considerable extent on the presence of 
free acid impurities rather than upon the properties of the 
ester itself. 


Conclusions 


A pendulum apparatus developed in this investigation 
for measurement of coefficient of boundary friction served 
to evaluate lubricants for the steel-babbitt bearing system. 
No significant friction characteristics were observed for a 
series of base oils. It was found that lubricity additives 


which function by physical adsorption such as fatty esters 
and amides are ineffective at moderate or high temperatures. 
Lubricity additives which react chemically on the metal 
surfaces such as fatty acids and long chain mercaptans 
decrease f significantly in the temperature range of interest. 
Extreme pressure agents containing sulfur or chlorine 
have no desirable effect on steel-babbitt systems. In fact, 
chlorine derivatives form lead chloride coatings on the 
babbitt surface which give rise to a higher f as compared 
to use of the base oil alone. An oil blend containing 1.0% 
oleic acid in EM 906-50 type base oil reduces the co- 
efficient of boundary friction to about one-third the value 
obtained with the base oil alone in the temperature range 
from 200° to 300°F. This blend provides maximum 
decrease of friction for full boundary conditions in the 
railroad bearings, as compared to any other material 
evaluated. 
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Influence of Temperature on Boundary Lubrication 
By C. W. COWLEY!, C. J. ULTEE?, C. W. WEST? 


The effects of temperature on the lubricity of a number of lubricants are studied. An apparatus 

designed to study lubricants under boundary conditions, with provisions for varying temperature, 

load, and speed, is described. Sharp transitions from smooth sliding to severe galling and 

seizure are observed at a specific temperature which is characteristic of the lubricant and the 

test conditions. These ‘‘failure temperatures” are useful in understanding the lubrication 
mechanism and in predicting lubricant performance. 


Introduction 


THE temperatures at which lubricating oils must function 
are continually increasing. The decrease in oil viscosities 
at these higher temperatures makes it difficult to achieve 
hydrodynamic lubrication. Hence, boundary lubrication 
assumes added importance at elevated temperatures. 

The influence of temperature on boundary lubrication 
has already been shown. Bowden and Tabor and others (1) 
have shown that the lowest friction and least surface 
damage are encountered with solid lubricant films, e.g., 
long-chain hydrocarbons, alcohols, carboxylic acids, or 
soaps. When the temperature is increased, a marked 
increase in friction and surface damage occurs near the 
softening point of the solid film. Rabinowicz and Tabor 
(2) have found another critical temperature to exist above 
the softening point; when this temperature is exceeded, 
the sliding is similar to that for unlubricated surfaces 
even though the surfaces are visibly covered with liquid. 
This latter transition temperature was attributed to 
desorption of the lubricant film. Bigelow, Glass, and 
Zisman (3) have shown by surface-wetting experiments 
that a maximum temperature exists above which physically 
adsorbed films of polar-nonpolar compounds desorb. 

Murray, Johnson, and Bisson (4) recently found that 
critical bulk-fluid temperatures exist for effective boundary 
lubrication for a number of synthetic lubricants. It was 
shown that certain synthetic fluids are more effective 
lubricants at higher temperatures than comparable 
petroleum oils. Studies described in the present report 
extend this work both with respect to experimental method 
and the effects of variables such as load and speed. Further 
information is presented concerning the upper critical 
temperatures for lubrication by various synthetic lubricants 
under extreme boundary conditions and, also, for the 
action of tricresyl phosphate as a boundary agent. 
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Experimental 


The apparatus used for these studies is referred to as the 
Reciprocating Apparatus (Fig. 1). It consists essentially of a 
small radius (5.5 mm) hemisphere that slides back and 
forth over the same path on a flat specimen; it is patterned 
after a design by Kauppi and Pederson (5). A schematic 
representation of the components is shown in Fig. 2. 





Fic. 1. View of reciprocating apparatus. 


SLIDER 


LUBRICANT 














Fic. 2. Diagram of reciprocating apparatus. 


The flat specimen is clamped in a reservoir containing 
the lubricant. This reservoir is provided with two 450-watt 
heating elements, and the temperature can be maintained 
at any value from room temperature to 300°C. by a 
controller. 

A pneumatic loading system is employed to vary the 
force between the two surfaces from 0 to 40 kg. A flexible 
hose carries air, at a controlled pressure, from a regulator 
to an oscillating ball carrier riding on a cross head. The 
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lower end of this carrier consists of a chuck that clamps the 
ball rigidly to form a sliding hemisphere. The chuck is 
attached to a corrugated bellows inside the threaded collar 
of the ball carrier. Air pressure applied through the top 
of the carrier expands the bellows and forces the hemisphere 
against the flat specimen. 

Continuous variation of speed from 0.2 cm/sec to 120 
cm/sec is obtained by combining a variable speed trans- 


was heated at a rate of 4°C (+1°) per minute. When the 
temperature of the bulk fluid reached a critical value, 
smooth sliding ceased and severe galling or seizure oc- 
curred (see Fig. 3). This critical temperature is characteristic 
of the lubricant-solid surface combination for the imposed 
conditions and is often referred to herein as the failure 
temperature. The standard deviation was found to be 


about 5°C. 





Fic. 3. Wear tracks before and after lubrication failure (x 12, reduced to 6/10). 


mission with micrometer speed-control with a device for 
adjusting the amplitude of the stroke. These rubbing 
speeds represent average values, since the movement of 
the hemisphere approximates simple harmonic motion. 

Most of the experiments described in this paper employed 
a hard steel slider (SAE-52100) and a soft steel plate 
(H.R. carbon steel, Rockwell A-42); in one case an SAE- 
4140 steel plate (Rockwell B-85 hardness) was used. 

The surface preparation of the plate involved progressive 
treatment with metallographic polishing paper from grade 
2 to grade 4/). The specimens were then washed successively 
with naphtha and acetone, followed by a test to ascertain 
if the surface was wet by water. If so, the surface was 
considered to be essentially free of oily-type contamination 
and a final acetone rinse was given the specimen. Similar 
treatment was given to the slider with the exception that 
the coarse-grade paper was not employed; only very light 
treatment with 4/, paper was used. 

The sliding surfaces were completely immersed in the 
test fluid whose temperature was brought up to 35°C. 
Sliding was then started under the desired conditions of 
load and speed over a path of 14.6 cm length. The system 


Results and discussion 


A. Relation Between Failure Temperature and Other 
Variables 

Typical failure temperatures for a number of lubricants 
are shown in Table 1. 














TABLE 1 
Typical Failure Temperatures 
Viscosity Failure 
Fluid cs at 37.8°C | temperature °C 
Dimethylsilicone 78 <35 
Petroleum oil “‘A” 33 106 
Polyglycol monoether 62 146 
Di(2-ethylhexyl) sebacate 13 170 
Tetra(2-ethylhexyl) silicate 7 172 
Silicone-organic copolymer 65 205 
(9.5% Si) 


Conditions :* 

SAE 52100 slider on soft steel flat 
Speed 33 cm/sec 

Load 19.5 kg 





* These conditions apply to all tables unless otherwise noted. 














Influence of Temperature on Boundary Lubrication 


At these temperatures the boundary films of the lubricants 
undergo deterioration with the result that marked metallic 
interaction develops between the rubbing surfaces. These 
failures do not occur at the boiling points or the decomposi- 
tion temperatures of the fluids. Moreover, detailed analysis 
of the influence of viscosity, the effect of speed, the electrical 
resistance between sliding members, and the effect of 
boundary additives indicates that there is no significant 
hydrodynamic (viscosity) component at the higher loads 
used in these experiments. The failure temperatures 
given in this report were measured in the bulk fluid. It 
would be desirable to also measure the critical temperatures 
at the region of surface contact to take into account fric- 
tional temperature rises. Such measurements, of course, 
would be very difficult to make. 

The employment of temperature as a variable is especially 
pertinent because load and speed can also resolve into 
frictional temperature effects. Therefore, the respective 
influences of load and speed are of interest. The curves of 
Fig. 4 show that the failure temperature decreases sharply 
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Fic. 4. Effect of load on failure temperature. 


as the load is increased from 4 to 10 kg and then becomes 
more or less constant at still higher loads. A completely 
satisfactory interpretation of this interesting relationship 
has not been developed, although the influence of a hydro- 
dynamic component at the lower loads and the effect of 
work hardening at the higher loads have been considered. 
The influence of speed on failure temperature is shown in 
Table 2 for several fluids. For the three types of fluids 
tested there is a decrease in failure temperature with 
increasing speeds. 

The series of failure temperatures just described was 
obtained by increasing the temperature with sliding in 
progress until failure occurred. Experiments also were 
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TABLE 2 
Effect of Speed on Failure Temperatures 
Failure temperature, °C 
Viscosity At average speed of: 
cs at : 
Fluid 37.8°C |16.3 cm/sec] 33 cm/sec | 66 cm/sec 
Petroleum oil “‘A” 33 118 106 40 
Polyglycol mono- 62 163 146 135 
ether 
Di(2-ethylhexy]) 13 187 170 160 
sebacate 

















carried out in which the fluid was preheated to a specified 
temperature prior to initiating sliding, new specimens 
being employed for each temperature. When this initial 
temperature was above a critical value, extensive metallic 
interaction quickly developed when the slider was set in 
motion. At temperatures below this critical value, lubricated 
sliding developed. These results (Table 3) compare 
favorably with the failure temperatures as determined by 
the other procedure. 











TABLE 3 
Failure Temperatures by Modified Method 
Failure Temperature, °C 
Viscosity 
cs at Conven- 
Fluid 37.8°C |Modified*| _tional** 
Petroleum oil “A” 33 110-120 125 
Polyglycol monoether 62 140-150 158 
Di(2-ethylhexyl) sebacate 13 160-170 183 











* Preheated to specified temperature and then sliding initiated. 
New specimens used for each temperature. 


** Start sliding at 35°C and heat at a rate of 4°C/min. 


Conditions: 
Load 6.5 kg 





The fact that the failure temperatures by the modified 
method are consistently lower may represent a difference 
in surface conditioning caused by sliding during heating 
in the one case. 


B. Failure Temperatures of Polyglycol Fluids: 


The failure temperatures of two series of polyglycol 
fluids were studied in some detail. The failure temperatures 
of these fluids increased with increasing molecular weight 
(Fig. 5). Our interpretation is that these fluids function as 
lubricants, in part, by adsorption of the unchanged 
molecular species. The surface density of adsorbed 
molecules forming the boundary layer will decrease with 
increasing temperature. At the failure temperature the 
coverage becomes insufficient to prevent gross metallic 
interaction. If the above mechanism is accepted, then the 
observed trend is readily explained on the basis of an 
increase of adsorption energy per molecule with increasing 
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Fic. 5. Effect of molecular weight on failure temperature, 


molecular weight. The effect of temperature on viscosity 
does not appear to be a critical factor. The combined effect 
of temperature and pressure on viscosity has not been 
evaluated. 

Our data (Fig. 5) further indicate that, for a given 
molecular weight, the failure temperatures of polyglycols 
increase with the number of hydroxyl groups per molecule. 
Although this generalization must be regarded as being 
preliminary because of purity and molecular weight 
questions with respect to a few of the fluids, it is not 
difficult to conceive that the presence of a hydroxyl group 
tends to enhance adsorption of the base fluid, and thereby 
increase the failure temperature. 

Polyglycols may derive their boundary properties from 
the reaction of oxidation products with metal surfaces. 
Supplemental experiments involving (a) the use of an 
antioxidant in a polyglycol, (b) adsorptive purification of a 
polyglycol, and (c) deliberate preoxidation of a polyglycol 
did not support this viewpoint. Nevertheless, sliding steel 
surfaces sometimes develop a visible surface film when 
lubricated by polyglycol fluids. Electron diffraction 
patterns of test specimens from modified SAE wear tests (6) 
indicate the film to be Fe,0, or y-Fe,03. It is speculated 
that polyglycols foster the formation of this film. 


C. Failure Temperatures of Diesters: 


In the case of the carboxylic esters no simple relation 
exists between failure temperature and molecular weight 
(Table 4). 








TABLE 4 
Failure Temperatures for Ester Fluids 
Viscosity 
cs at Failure 
Fluid Mol. wt. 37.8°C temp. °C 
Di(2-ethylhexyl) adipate 370 8 145 
Di(2-ethylhexyl) azelate 412 11 169 
Di(2-ethylhexyl) sebacate 426 13 170 
Di(2-ethylbutyl) azelate 356 8 178 
Linear polyester 790* 147 163 














* Determined by an ebullioscopic method. 


This contrast between polyglycols and the ester-type 
lubricants may be indicative of a difference in the mechan- 
ism by which the boundary films are formed, although the 
interpretation of such a molecular-weight relation is 
more complex with the esters because of variations in 
structural units. In the case of the esters, carboxylic acid 
impurities can react with the metal surface to form a soap- 
type boundary film (7). The desorption of such films 
may not be related to the molecular weight of dicarboxylic 
acid esters in a simple manner. Slow percolation of 
di(2-ethylhexyl) sebacate through a column of a synthetic 
magnesia-silica gel caused a lowering in failure temperature 
(ca. 10°C) which, however, was poorly reproducible and 
transitory. This lowering suggests the presence of adsorb- 
able impurities in the diester. In this connection, Brophy 
and Zisman (8) have shown that halfesters of the sebacates 
and azelates can act as boundary agents. Even with very 
pure esters, however, it is possible that decomposition 
under severe rubbing contact yields a carboxylic acid.* 
In this way, any molecular weight effect of the base fluid 
would not be noticed as long as the failure temperature of 
the liquid ester was below the softening point of the soap. 


D. Effect of Additives on Failure Temperature: 


A study of the effect of tricresyl phosphate on the 
failure temperature of a mineral oil and m-hexadecane also 
gave results that are readily explained on the basis of a 
mechanism in which physical adsorption is the controlling 
step. 

Using the approach of Frewing (9), the equilibrium 


constant for the adsorption-desorption process is given by: 
Xx 
= C(i—X) (1) 


where X = fraction of the metal surface covered by the 
adsorbed additive 


C = additive concentration 
Then the effect of temperature can be represented by: 
—4E 
— Act [2] 
where: A = constant 
R = gas constant 
T = absolute temperature 


4E = energy of adsorption 


If it is assumed that lubrication effectively ceases when 
the surface coverage of the boundary agent reaches a 
critical value, then at the failure temperatures the value of 
X/(1 — X) is a constant and Equation [2] can be written as: 





InC = mn +B [3] 
where: B = constant 
Tz = failure temperature 
Oo frictional Oo 


> 


a 4 
*R,C-O-CaHen + 1 R,C-OH + CaHan 


energy 
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Thus, a plot of the logarithm of the additive concentration 
versus the reciprocal of the failure temperature should 
give a straight line. Fig. 6 shows such a plot for tricresyl 
phosphate in m-hexadecane and petroleum oil. The energies 
of adsorption obtained from’ Equation [3] for tricresyl 
phosphate in various base fluids were in the range from -10 
to -20 kcal/mole. These values are of the same order of 
magnitude as those obtained by Bigelow, Glass, and 
Zisman (3) for various polar-nonpolar compounds, using a 
non-frictional method. 
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Fic. 6. Effect of tricresyl phosphate concentration in n-hexadecane 
and petroleum oil on failure temperature. 


The above approach is valid only if the initial adsorption 
is readily reversible. In the case of reactive additives, 
where an irreversible adsorption step takes place, the 
effect of temperature is more complex and not readily 
interpreted on any such quantitative basis. 


E. Failure Temperatures of Silicone Fluids and Silicone- 

Organic Copolymers 

Dimethylsilicone oil, as expected, would not lubricate 
steel sliding on steel under boundary conditions even at 
room temperature. This poor lubricity is caused, in part, 
by poor adsorption of the silicone molecules on the metal 
surfaces. However, although these results show that 
silicones are not effective boundary lubricants at about 
room temperature, gross seizure often does not occur. 
Instead, heavy wear develops which produces debris in the 
form of unusually fine particles. This suggests that some 
sort of reaction product, e.g., silica, may form on the 
surface under the influence of friction and that this prevents 
gross seizure. When the silicon content is reduced, as in a 
silicone-organic copolymer (Table 1), an unexpected 
degree of improvement is obtained. This effect is again 
noted in the failure temperatures of di(2-ethylhexyl) 
sebacate-methylphenylsilicone blends (Table 5). These 


TABLE 5 


Lubricity vs. Concentration of Silicone-Diester Blends 
Methylphenylsilicone*—Di(2-ethylhexyl) Sebacate 





% Silicone Failure temp. °C 





0 170 
10 185 
25 213 
50 185 
66 178 
75 134 

100 <35 








* high phenyl content 


blends have recently received considerable attention for 
possible use in turbopropeller engines (10). Our results 
show that marked improvement is obtained for blends 
with low silicone contents, but increasing the silicone 
concentration above 66% leads to a rapid deterioration of 
the boundary properties. 


F. Relation Between Failure Temperature and Standard 
Lubricant Tests: 


Supplemental work indicates that there is often a general 
correlation between failure temperature and load-carrying 
capacity when the latter characteristic is measured by 
extreme-pressure (EP) test machines. An example of this 
is shown by the failure temperature vs. load-carrying 
capacity graph (Fig. 7) for a polyglycol series. The load- 
carrying capacities were determined with the SAE machine, 
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Fic. 7. Correlation between failure temperature and SAE failure 
load. 


which is widely used for EP lubricants. Fig. 8 shows a 
plot of Falex load versus failure temperature as observed 
for various synthetic fluids. 


G. Effect of Metallic Substrate: 


The preceding discussion of results has emphasized the 
role of the lubricant. However, the rubbing metals are of 
equal importance. Preliminary studies have indicated that 
the failure temperature for a given lubricant may be very 
different from that for steel on steel when nonferrous metals 
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are employed. Such differences in failure temperature 
were anticipated for several reasons. For example, certain 
combinations of rubbing metals show less tendency to 
seize or score than others (11). The metals involved, 
moreover, will determine the nature of the reaction- 
product films formed on the sliding surface; e.g., the 
softening points of carboxylate soaps will vary with the 
combined cation. The nature of the oxide film is another 
important factor because the presence of oxide films can 
reduce metallic interaction (12) and influence adsorption 
(13) or surface reactions (14). 


Conclusions 


The information obtained from these studies is of 
general utility in understanding lubrication phenomena. 
For example, it has been reported (15) that certain synthetic 
lubricants (e.g., polyglycols) are characterized by a signifi- 
cant increase in load-carrying capacity with increasing 
viscosity; no theoretical explanation was offered for this 
phenomenon. Such results have often been treated as 
hydrodynamic (viscosity) effects (16), but our studies 
suggest the additional importance of molecular weight 
(to which viscosity is related) with respect to the boundary 
characteristics of certain fluids. An investigation of the 
performance of lubricants for high-speed gears showed that 
the increase in failure load imparted by a mild extreme- 
pressure additive decreased with increasing temperature 
until, at temperatures above 150°C, the additive became 
essentially ineffective (17). This effect of temperature 
probably resulted from decreased adsorption of the 
additive at elevated temperatures as our work has shown 
for solutions of tricresyl phosphate in oil. 
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Fretting of Hardened Steel in Oil 
By J. R. MCDOWELL! 


To determine the effect of hardness on fretting wear, tests of AISI 4340 steel were made in an 
oil bath using a new machine designed to make fretting corrosion tests with a wide range of 
parameters. Hardness values from 258 to 743 Vickers were tested, the hardest specimen having 
a nitrided surface. The fretting action used, 0.005 in. reciprocating motion at pressures from 
430 psi to 5840 psi, produced much less fretting than similar tests in air, with little or no oxide 
products resulting. The galled areas were measured for depth of pit and height of deposit with 
the results indicating some small effects due to hardness up to 460 Vickers. The nitrided 
specimens, however, produced smaller fretted areas and the roughening of their surfaces was 
shallow. 


Introduction 


IN the field of gearing, fretting problems which occur are 
generally alleviated to some extent by the presence of oil or 
grease. Such components as spline couplings, shafts at 
press fits, rolling contact bearings both on races at press 
fits as well as internzlly, and even gear teeth at points away 
from the pitch line, generally at the root where the sliding 
is greatest, have all exhibited signs of fretting. Very often 
some of these parts are exposed to sufficient oxygen, if only 
intermittently, to form the familiar brown stain of steel 
parts which have fretted. In other cases the parts may be 
completely immersed in an oil bath throughout the action 
of reciprocating sliding conditions which produce fretting. 
The resulting surface deterioration is one of metal transfer, 
galling, with little or no oxide stain or debris. 

This investigation was made for the specific purpose of 
determining for steel the effect of hardness on its suscepti- 
bility to fretting while in an oil bath. Some work has been 
done on both of these conditions separately, but not enough 
evidence could be found in the literature to enable one to 
make a good engineering design decision where fretting is a 
problem. | 

An increase in hardness is said to be beneficial by 
Almen (1) but the extent of its effect is not stated. Dies (2) 
further states that the hardness of the oxide plays an 
important role in the process. He cites an example that the 
same wear rates were observed by rubbing both a mild steel 
and a nitrided steel against a chromium steel. He also 
shows that a comparatively soft austenitic chromium 
nickel steel and aluminum attacked hardened steel to a 
considerably greater extent than did a nitrided steel. 
Sakmann and Rightmire (3) propose that the worst com- 
bination is where both metal and oxide are hard. Horger 
and Buckwalter (4) indicated that metal spray coated axles 
with press fitted wheels gave 1.6 to 2.6 times the endurance 
limit at the wheel fit portion of similar axle assemblies not 
metal coated. They also state that flame hardened shafts 
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with fitted wheels gave three times the endurance limit at 
the wheel fit portion of similar shafts not so treated. They 
attributed the greater life of treated shafts to be the result 
of a shortening of the life of the untreated shafts by fretting 
corrosion at the wheel fits and not because of any bene- 
ficial effects of the treatment on the endurance limit of the 
steel. 

It is generally agreed that the presence of oil around a 
fretting area is beneficial mainly because it excludes the 
presence of oxygen. Almen (5) showed that the ability of 
the oil to adhere to the test surfaces to prevent air from 
being admitted to the contact area was the only property 
of oils or greases that effected their rating as fretting 
preventatives. Tomlinson, et al (6) reported that lubricated 
surfaces did not corrode as severely as dry surfaces. His 
experiments were with specimens initially smeared with a 
film of oil without further supply as the test progressed. 
Rahm and Wurster (7), Herbeck and Strohecker (8), 
and Morton (9) all show that lubricants are most beneficial 
when (a) they are fluid enough to keep the contact area 
completely surrounded, despite mechanical action tending 
to force it away from this area, and (b) they should be 
tenacious enough to adhere to these surfaces preventing 
any exposure to air. 

Godfrey (10) recently performed some experiments which 
consisted of a ball vibrating in contact with a flat surface 
with the contact area surrounded by a drop of oil. His 
tests showed an initial low wear rate due to the exclusion 
of air, but as soon as the wear debris soaked up the small 
volume of oil a rapid wear rate began showing very 
markedly the difference between the lubricated and 
unlubricated state. 


Apparatus and procedure 


The apparatus used was constructed to test a variety of 
materials under a wider range of variability of the para- 
meters which effect fretting than did the apparatus originally 
used by the author (11). Fig. 1 is a sketch of the specimens 
and the lever arrangement used to produce reciprocating 
motion between them. Fig. 2 is a photo of the whole machine 
showing the brass tank used to contain the oil bath around 
the specimens. 
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Fic. 1. Sketch of fretting corrosion apparatus. 





Fic. 2. Photograph of fretting apparatus showing microscope and 
scale used to measure motion. 


An attempt was made to keep the specimens as simple as 
possible and to make changes of the parameters as easy as 
possible. The lower specimen, shown in Fig. 1, is a flat 
block 4 in. by } in. square by # of an inch thick. The 


upper, or tapered specimen, has a 4 degree taper ground 
on its trailing and leading edges till there remains an 
original flat strip at the center only 0.05 wide by } in. 
long, the original width of the flat specimen. As the 
specimen wears this flat area widens. 

The small reciprocating motion is produced by a cross 
spring pivot arrangement. A lever, shown foreshortened 
in Fig. 1, is mounted on two cross spring pivots. These 
two outside pivots, shown in the figure, are attached to the 
base and rigidly fixed with respect to the bottom specimen 
by means of the connecting fixed arms. The reciprocating 
arm is mounted to the lever with a cross spring pivot 
attached to the same bar but is displaced by the thickness 
of equal shims placed under the fixed axis mounting springs. 
The ratio of the thickness of these shims to the length of 
the lever gives the reduction of motion applied by the cam 
and connecting rod shown in Fig. 2. Thus, the amount of 
motion can be set by changing the shims or adjusting the 
cam to give a range of motion of from a few microinches 
to 10 or 15 mils. 

The pressure between the specimens is applied by a 
yoke and hanger pivoted on a ball placed on the reciprocat- 
ing arm directly above the center of the specimens. Nominal 
pressures as high as 15,000 psi can be applied to the original 
flat contact area. Variation in contact pressure due to 
bending forces of the spring is avoided by the double spring 
mount, Fig. 1, and rocking action is also avoided by this 
arrangement. 

Measurement of the motion was checked with an 
adaptation of a Martens mirror extensometer, Fig. 1. 
The diamond-shaped cross section shaft with a small 
mirror attached was mounted so that one edge of the 
diamond rested in a groove mounted on one fixed arm of 
the apparatus. The opposite edge of the mirror shaft was 
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0.5 hr. 1.5 hrs. 





24.5 hrs. 48 hrs. 


Fic. 3. Photographs of a tool steel on tool steel taken at intervals of 0.5 hr, 1.5 hrs, 4.5 hrs, 
7.5 hrs, 24.5 hrs, and 48 hrs. Nominal pressure = 1830 psi, motion = 2.16 mils, speed = 
1170 rpm. 
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moved back and forth by a similar groove mounted on the 
reciprocating arm. Motion of the reciprocating arm thus 
caused the mirror to rotate, its angle being measured by 
the telescope and scale shown in the photo, Fig. 2. Motions 
as low as 25 microinches could be easily measured with this 
system. It was learned from measurement that the elasticity 
of the arms and bolted cross springs would produce different 
amounts of motion depending on the coefficient of friction 
and load applied to a given set of specimens. This could be 
compensated for by adjusting the eccentricity of the cam. 
Typical atmospheric wear rate test results are shown in 
Fig. 3. These photographs were taken at intervals through- 
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Fic. 4. Typical curve of rate of fretting wear plotted from 
photographs of Fig. 3. 





(a) Run against oil soaked specimen 


out a test of 48 hours duration by removing two bolts 
from the cross spring pivot and lifting out the reciprocating 
arm with the sliding specimen. The increase in wear area 
was measured using a planimeter on 5 in. X 7 in. plhioto- 
graphs (10x enlargement) giving curves of the rate of 
wear for the conditions of the test. The curve for the 
series run in air is shown in Fig. 4. 


Fretting in oil 

For the tests of special interest to this program an oil 
bath was provided around the fretting apparatus so that 
both specimens were completely immersed throughout 
the test. It was known from the literature, as well as 
from some previous tests, that oil would have a definite 
effect on the rate of fretting. It was also fairly certain that 
complete immersion would have a greater effect than just a 
few drops around the fretting area. Fig. 5showsa comparison 
of two tests run previously in this machine, a striking 
example of the effect of a few drops of oil retained in a 
porous material. 

The test parameters were therefore increased to 72 hours 
running time and to a motion of 0.0046 in. over those 
conditions which produced considerable fretting in tests 
open to the atmosphere. The oil used was high quality 
turbine oil with a viscosity of about 380 SSU at 100F. 
Two different supplies were used; both had oxidation 
inhibitor additives, and one had an EP additive. The oil 
having no EP additive is referred to by the letter A, and B 
indicates the oil with the additive. 

The general procedure was as follows: 

1. The specimens, finish machined by grinding, were 
given a light hand polish just before being inserted in the 
machine. Emery paper, 3/0 grade, was used backed up by a 
glass plate. 





(b) Run against dry specimen 


Fic. 5. Photographs ./ steel specimens rubbed against cloth laminated plastic specimens under identical conditions, 

with the exception that a few drops of mineral oil soaked into the mating laminated specimen before testing against 

(a) and (b) was run against a dry specimen of laminated plastic. Motion between specimens was 0.005 in. at 
1000 psi nominal pressure for 3.37 million cycles. 
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2. The thickness of the specimens was then measured at 
three different points across the contact strip, using a ten- 
thousandths micrometer. 

3. The specimens were cleaned with carbon tetrachloride 
and mounted in the machine. 

4. To minimize contact with air, the specimens were 
never removed from the oil bath till the 72 hours elapsed. 

5. At the end of the test the specimens were removed and 
cleaned with carben tetrachloride, then photographed at 
10x. They were also photographed with a microstereo- 
scopic camera to preserve a record of the irregularities. 

6. The fretted specimens were then measured again 
at the same three points, thus obtaining the height of any 
deposited material. 

7. The depth of pits in the specimen surface was measured 
optically with a microscope. With a very high magnification 
and the vernier focusing knob a rough check on the depth 
of deepest pits could be obtained. 

8. The specimens were then carefully ground down till 
the last trace of marking was gone. 

9. Finally the specimens were measured for thickness 
once more to obtain the depth of the pits. 


Discussion of results 


A list of the results in tabular form is given in Table 1. 
The first tests were made on some of the softer specimens. 


concerned, Again comparing oils, tests No. 2 and No. 4 
used mating pairs whose hardness was closer, about 30 
points apart, the results indicating no significant benefit 
because of the EP additives used in test No. 4. 

A second observation of this group of five tests is that 100 
points hardness difference is not enough to make much 
difference in the damage done to one or the other of the 
mating materials as against having the two mating speci- 
mens of the same hardness. 

The third significant point is that, in spite of the second 
observation made above, the mated pairs, 100 points apart 
in hardness, showed greater gouging out of the softer 
specimen and more buildup on the harder specimen. 
Tests No. 1 and No. 3, Table 1, indicate this tendency. 

The results of test No. 6 which mated a pair of specimens, 
both in the 450 Vickers range of hardness, showed even 
deeper gouging of both specimens than the softer materials. 
Fig. 7 shows that points of such action were more isolated, 
however, and that the total wear area was smaller. 

One test was conducted using a very light load equivalent 
to 430 psi nominal pressure between specimens. Based on 
this one test, using materials of nearly equal hardness 
similar to tests No. 2 and No. 4, it would appear that the 
depth of damage does not vary proportionately to the 
load but definitely goes in the expected direction. Examina- 
tion of Fig. 8 shows the very small fretted area. 








TABLE 1 
Results of Fretting Tests of Hardened Steel in Oil 
Test Depth Height | Hardness | Spec Oil Load Motion, Mating | Hardness Depth Height 
No. of pit, of Vickers No. Ib mils spec. Vickers of pit of 
mils deposit, number Py No. number mils deposit, 
mils , mils 
1 0.65 1.25 361 51 A 46 4.6 52 258 1.55 0.15 
2 1.90 0.75 370 53 A 46 4.6 54 338 1.3 0.55 
3 0.65 1.15 350 55 B 46 4.4 56 268 1.2 0.35 
4+ | i 0.13 382 57 B 46 4.4 58 351 1.25 1.0 
5 1.15 1.0 377 59 B 46 4.4 60 289 oy 0.5 
6 1.95 2.05 460 63 B 46 4.8 64 440 2.26 1.30 
7 0.9 0.25 374 61 B 10.8 5.3 62 352 0.3 0.75 
8 2.45 2.60 449 65 B 146 3.6 66 464 a5 3.1 
9 1.30 1.0 374 67 B 146 3.9 68 280 2.84 0.25 
10 0.85 0.0 650 69 B 146 4.6 70 733 0.35 0.20 
11 0.3 0.0 743 71 B 146 4.5 72 371 0.5 0.0 
12 0.1 0.0 626 73 B 146 4.8 74 677 0.3 0.0 









































Fig. 6 shows a photo of one of each pair of mating specimens. 
The other mating specimen of each pair is practically 
identical having a valley for a hill and a hill for a valley of 
its mate. If the first five tests are considered as a group, 
three significant observations can be made. 

There is apparently no beneficial effect of the extreme 
pressure additive of oil B. Comparing tests No. 1 and No. 3, 
in both of which tests one of the mating pairs was roughly 
100 points softer than its mate, the results are almost 
identical. Test No. 5, which had a pair whose hardness 
was about 90 points apart, and both of which were 20 to 
30 points harder than tests No. 1 and No. 3, used oil B 
with similar negative results as far as use of the additive is 


Going to heavier loads producing nominal pressures of 
5840 psi, test No. 8, when compared with test No. 6, and 
similarly test No. 9, when compared with tests No. 5, 
No. 3 and No. 1, would indicate further evidence that the 
depth of pitting is not proportionate to the load but is 
again shown to be deeper with heavier loads. 

Nitriding of the specimen surface was used as a means of 
getting even higher hardness values from 650 to 743 
Vickers. Tests No. 10, No. 11, and No. 12, Fig. 10, indicate 
very beneficial results from pairs of such treated specimens 
run under the heaviest load. Good results were obtained 
whether both were hard or just one of the surfaces was hard. 

Another factor involved with the nitride finish appears to 
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Test No. 1 Test No. 2 





Test No. 3 Test No. 4 





Test No. 5 


Fic. 6. Photographs of tests 1 through 5 listed in Table 1. 
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Fic. 7. Photograph of test No. 6, Table 1. Fic. 8. Photograph of test No. 7, Table 1. 





Test No. 8 Test No. 9 


Fic. 9. Photographs of tests No. 8 and No. 9, Table 1. 
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Test No. 10 





Test No. 12 


Fic. 10. Photographs of tests Nos. 10, 11, and 12. 








Test No. 11 
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have little effect. For tests No. 10 and No. 11 the as- 
treated gray surface layer of nitrides was polished off. 
In test No. 12 this surface film was left untouched. It 
would appear that the nitrided surface gained its beneficial 
effect not so much from its increased hardness as perhaps 
from its composition. The trend to more severe fretting 
of the specimens with increase in hardness of the specimens 
up to 440 Vickers leads to this conclusion. 


Appearance of fretted area 


In nearly all of these fretting tests in oil the wear has been 
characterized by metal to metal contact. No oxide debris 
was formed. Further, there was little evidence of loose 
metallic debris. 

Most of the fretting began at, and quite often was 
restricted to, isolated spots within the nominal contact 
area. Many times there was evidence of light wear re- 
sembling etching or microscopic scraping over most of the 
nominal contact area with heavy scoring or galling at 
isolated spots. It is therefore necessary to consider both the 
depth of these heavily scored areas, as well as the total 
fretted area when trying to evaluate the practical signifi- 
cance of the test results. 

A number of the test surfaces which fretted showed 
rows of little ripples which would appear to be caused by 
small hard high spots rubbing a groove in the opposite 
face. The fact that these wavy surfaces have dimensions 
from wave peak to wave peak equal to the sliding motion 
between specimens is evidence of this. Photos of tests 
No. 1 and No. 12 show this most vividly, Figs. 6 and 10. 

One of the more heavily galled specimens was sliced 
through the fretted area. Fig. 11 shows a 100 micro- 





Fic. 11. Microphotograph taken at 100 x (reduced to half size 
for reproduction here) of a cross section taken through fretted 
area of specimen from test No. 8, Fig. 9. 


photograph of the etched cross section. The small area 
included in the photo shows a gouged out area at the 
left and heavily worked material smeared on the mound at 
the center of the figure. 


Conclusions 


Several general conclusions can be enumerated for 
fretting conditions between steels of the 4340 type when 
surrounded by an oil bath. 


1. An increase in hardness is not beneficial in the range 
between 250-450 Vickers. 


2. Nitriding is definitely helpful in reducing fretting under 
these conditions. 


3. If fretting conditions exist between steels of this 
general composition, when completely surrounded by oil, 
large quantities of oxide debris, generally associated with 
fretting corrosion in contact with air, will not form. 


4. The severity of fretting will be greatly decreased by the 
limitation in the supply of oxygen but a galling action will 
result. 


5. The fretting action removes the lubricant from the 
contact area and therefore the composition of the oil such 
as EP additives has little effect. 
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Wear and Frictional Characteristics of some Nickel-Base Alloys 
By R. A. KOZLIK? 


A test program was undertaken to determine the relative resistance to wear and galling of a 
variety of wrought and cast nickel-base alloys. Testing was done using a breakdown technique 
with a sliding velocity of 512 ft per min. at the contact surfaces. The results showed that none 
of the wrought alloys tested were outstanding in their behavior when self-mated. However, 
mating with dissimilar alloys containing hard phases or soft phases possessing lubricating 
qualities effected substantial improvements in many instances. The use of chromium, 
molybdenum disulfide or sulfurized protective coatings was found to be feasible for inhibiting 
galling as long as their limitations were understood. 


Introduction 


Tue usefulness of many nickel-base alloys essentially 
lies in their resistance to corrosive environments over a 
wide range of temperatures. Other requirements, such as 
strength and ductility, have been met by adjustments of 
the alloy compositions without impairing corrosion 
resistance. Situations often exist where resistance to wear 
and galling, or seizure, is desirable as well. Thus it has been 
necessary to learn something about the wear and frictional 
characteristics of these alloys so that they can be used wisely. 

While it is advantageous to make use of highly specialized 
testing procedures, it is also necessary to have recourse to 
less specific methods. The specialized techniques are 
usually most important for the determination of the suit- 
ability of an alloy for a particular application, or for the 
formulation of basic concepts of the wear and galling 
mechanism. The less specific methods are useful for 
development work, providing they are sensitive enough to 
reflect differences in wearing or galling tendencies. Results 
from this latter type of approach form the basis for this 


paper. 


Wear test apparatus 


The Amsler wear tester used in this work has been 
described in detail by Ackerman (1). The machine has two 
parallel shafts on which are placed 0.394 in. thick and 
2.352 in, diameter cylindrical test specimens, the peripheries 
of which comprise the wearing surfaces. A gearing arrange- 
ment permits one shaft to be directly driven while the 
other is driven through a pendulum dynamometer, thereby 
providing a continuous indication of the torque required to 
keep the specimens rotating at a constant speed. The 
torque is recorded continuously and is integrated to give a 
measurement of the work required to move the test 
specimens any given number of shaft revolutions. 

The gearing was set for these tests so that one shaft 
turned at 440 rpm, while the other turned in the same 
direction at 400 rpm. Thus the test discs were operated 





Presented at the Annual Meeting of the American Society of 
Lubrication Engineers held in Detroit, Mich., April, 1957. 


1 Research Engineer, The International Nickel Co., Inc., 
Bayonne, New Jersey. 
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under conditions of 110% slip at the wearing surfaces, 
equivalent to a speed of travel of about 512 ft per min. 
The bearing load was varied by the use of counterweights 
and a spring loaded booster mechanism. During these 
tests the bearing loads ranged from 10 lb to 290 Ib. 

Where tests were run with lubrication, an oil reservoir 
was fitted around the lower disc so that it was partially 
submerged. The lower disc then served to carry a liberal 
amount of oil from the reservoir to the point of rubbing 
contact. The lubricant used was a light turbine oil having a 
viscosity of 305 Saybolt seconds at 100F and 50.8 Saybolt 
seconds at 210F. This particular type of oil was selected 
because of its freedom from additives that might introduce 
any of several additional variables to the tests. The oil was 
to act as a coolant, wash away products of wear and serve 
as a mild lubricant. 


Test procedure 


The wearing surfaces on the peripheries of most discs 
were finished by circumferential grinding with an abrasive 
wheel. This method of finishing gave quite reproducible 
surface finishes, in the range of 15 to 20 microinches, free 
of embedded grit. Before testing, all specimens were 
cleaned by several washings in isopropyl alcohol and dried 
in a hot air blast. 

The testing technique was a modification of that used by 
Sprankle and Dayton (2). Test discs were first run at a 
bearing load of 10 or 18.5 lb for 24 hrs, about 737,000 ft 
traveled. This was considered to be a “‘wearing in’’ period, 
although some of the alloys failed to survive. Alloys that 
showed little or no wear or galling while “wearing in” 
were then run for one-hour intervals, 30,700 ft traveled, 
at successively higher bearing loads until wear or galling 
did become excessive. These breakdown tests were first 
run with lubrication and then, if wear was not too severe, 
without lubrication. Specimens were evaluated by measur- 
ing the change in diameter to determine the wear, and 
macroscopically examined to show whether obvious signs of 
galling appeared. 

A continuous record of the torque was made and measure- 
ments of the work absorbed were made as well. The 
instantaneous or average coefficients of friction were 
calculated so that any change could be noted as testing 
progressed. In general, the start of galling or rapid wearing 
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was accompanied by either a steady higher coefficient of 
friction, or by a rapid oscillation between a high and low 
level. The inception of any changes from film to boundary 
lubrication condition were also often detectable from the 
coefficient of friction information. 

The data obtained were plotted as cumulative diameter 
loss and average coefficient of friction vs. calculated elastic 
bearing stress. The shapes of the diameter loss-bearing 
stress curves were used as the bases for evaluating the 
comparative wear resistance of the alloys. However, no 
good evaluation could be made, by this method, of the 
wear resistance of alloys that were markedly deficient in 
this respect. This method was most satisfactory for com- 
paring alloys possessing a moderate to high degree of 
wear resistance. Descriptions of other testing techniques 
suitable for nickel-base alloys having lower resistances to 
galling, have been made by Talbot and Kozlik (3). 

Bearing stresses at the area of contact were calculated 
using Hertz’s formula (4). The calculated elastic bearing 
stress obtained at the higher bearing loads extended 
to values above the compressive elastic limit in some 
cases. With the full realization that this was so, no effort 
was made to correct the calculated stress values because 
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detailed compressive stress-strain data were not available 
for all alloys tested. 


Materials tested 


The hardnesses and approximate chemical compositions 
of the wrought and cast alloys tested are shown in Tables 
1 and 2 respectively. The heat treatments were standard 
for those wrought alloys to which they were applied. All 
of the cast alloys were tested in the “‘as cast” condition. 


Test results and discussion 


The wear test results are shown graphically in Figs. 1 to 
15. The variety of mating combinations of possible interest 
is very large indeed. The same is true of ranges of bearing 
stress, speed, and conditions of lubrication. This series of 
tests was designed to provide some practical information 
about the behavior of the alloys when mated against 
themselves or other alloys belonging to certain basic 
categories. The results permit certain generalized statements 
to be made about the behavior that probably can be 
expected from combinations not already tested. While 





























TABLE 1 
Hardness and Approximate Composition of Wrought Alloys 
Composition % 
Alloy Brinell 
designation Ni Cu Cr Fe Si Mn Cc Other hardness 

Nickel 1 99.6 0.05 0.02 0.25 0.07 196-Cold Drawn 

Nickel 1A 93.8 0.12 0.58 0.38 0.20 4.5 Al, 0.4 Ti 235-—Cold Drawn 

Nickel—Copper 1 66.0 31.2 1.41 0.14 1.05 0.19 235—Cold Drawn 

Nickel-Copper 1A 65.5 29.1 0.96 0.12 0.60 0.15 3.0 Al, 0.5 Ti 340-Aged 

Nickel-Chrome 1 78.5 14.5 6.40 0.20 0.23 0.07 262-Cold Drawn 

Nickel-Chrome 1A 72.9 15.0 6.77 0.42 0.59 0.04 0.9 A1,2.4Ti,1.0Nb| 340-Aged 

17-7 PH Stainless 6.7 17.2 Bal. 0.36 0.64 0.07 1.0 Ai, 0.02 P 436—Hardened 

304 Stainless 9.1 18.3 Bal. 0.67 0.65 0.07 180-Annealed 

TABLE 2 
Hardness and Approximate Composition of Cast Alloys 
Composition % 
Alloy Brinell 
designation Ni Cu Cr Fe Si Mn Cc Others Hardness 

Cast-Nickel 1 94.2 0.5 1.5 0.80 1.5 131 
Cast—Nickel 2 90.0 2.0 6.0 0.78 0.68 241 
Cast—Nickel—Copper 1 63.0 30.5 1.5 3.2 0.80 0.10 215 
Cast-Nickel—Copper 2 | 63.0 29.5 2.0 4.0 0.80 0.08 364 
Cast-Nickel-Chrome 1} 71.5 16.0 8.0 2.0 1.0 0.20 166 
Cast-Nickel-Chrome 2| 70.8 15.2 7.0 5.4 1.3 0.21 277 
Cast-Nickel-Chrome 3} 65-75 13-25 Present Present 2.7 -4.7B — 
Bearing—Alloy 1 0.46 79.9 6.3 Sn, 10.1 Pb, 2.1Zn 69 
Bearing—Alloy 2 32.3 64.5 Present Present Sn — Present 17 
Bearing—Alloy 3 78 2.0 8 Sn, 4 Pb, 8 Zn 179 
Bearing—Alloy 4 60 12:5 14.0 0.75 0.75 6 Sn, 3 Mo, 3 Bi 161 
Bearing—Alloy 5 Bal 12.0 0.20 0.80 4 Sn, 3 Mo, 3.5 Bi 127 











* Pressed and sintered product. 
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such extensions can be helpful, they should be used with 
caution and should not form the only basis for eventual 
selection of alloys. 


Wrought Alloys 


All three of the basic nickel alloys, Nickel 1, Nickel- 
Copper 1 and Nickel-Chrome 1, galled readily when self 
mated, Fig. 1. The Nickel 1 specimens galled so rapidly 
that testing had to be terminated after only 5 minutes, 
even with lubrication. The low resistance of these three 
alloys to galling is one reason why they are not usually 
mated with themselves unless bearing pressures are low 
and lubrication adequate. The same tendency for ready 
galling has been observed for many of the austenitic types 
of stainless steel. 
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Where more resistance to wear and galling is required 
of these high nickel alloys, their age hardenable wrought 
counterparts, Nickel 1A, Nickel-Copper 1A, and Nickel- 
Chrome 1A, may be used with better success, Fig. 2. 
Even with these, there are limitations on the maximum 
permissible bearing stress. It is interesting to note the 
absence of any strict hardness-wear resistance relationship 
for the high-nickel alloys. 


Cast Alloys 


It has been possible, through alloying, to develop 
cast versions of the three major nickel-base alloy types 
having much greater resistances to wear and galling. 
Cast-Nickel 1 and Cast-Nickel 2 are essentially nickel 
alloyed with carbon and silicon respectively. Cast-Nickel- 
Copper 1, Cast-Nickel-Copper 2 and Cast-Nickel-Chrome 
2 owe their improved wearing properties to their being 
alloyed with silicon also. The success of most of the cast 
high nickel alloys that have been developed for use in 
applications where it is essential to reduce wear and 
galling to a minimum, depends on the presence of mi- 
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Fic. 2. Wear of Nickel-Chrome 1A and Nickel 1A, self-mated, 
lubricated. 


crostructural constituents that are soft and that have good 
lubricating qualities, or that are very hard. Alloys containing 
free graphite, or elements such as lead or bismuth fall into 
the first category, while those containing carbides, borides 
or silicides fall into the second group. Alloys of both types 
have different, although overlapping, areas of maximum 
usefulness. 

Cast-Nickel 1 mated with itself showed the benefits 
derived from the presence of graphitic carbon when 
lubricated, Fig. 3. The alloy was also found to be useful 
without lubrication if the bearing pressures were no 
higher than 2,000 to 3,000 psi. 

The addition of 5.5 to 6.5% silicon to cast nickel results 
in the formation of free silicides in the structure, which 
eliminated wear and galling at bearing pressures as high as 
33,500 psi when lubricated. There was no tendency for 
Cast-Nickel 2 to gall at higher bearing pressures even 
though some wear occurred, Fig. 3. 
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Cast-Nickel-Copper 1 and Cast-Nickel-Copper 2 also 
owe their improved wearing qualities to the presence of 
hard silicides. The nominal 3.2% silicon added to the 
former has resulted in an alloy designed for applications 
requiring good corrosion resistance, high strength, moderate 
ductility and a high level of gall or wear resistance. The 
latter alloy, containing nominally 4% silicon, is even 
stronger and more wear resistant, but has a lower level of 
ductility. The comparative behaviors of these two alloys 
during the wear tests are shown in Fig. 4. 
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Cast-Nickel-Chrome 1, a nickel-chromium-iron alloy, 
may be used to resist oxidation at elevated temperatures 
and is particularly satisfactory for use in corrosive media 
that include oxidizing acids and oxidizing acid salts. As 
shown in Fig. 5, it can be used where bearing pressures are 
low. Silicon and carbon additions are required if the 
service conditions, with respect to wear, are more severe. 
An addition of as little as 3.5% silicon resulted in a marked 














.003 . 
Cast-Nickel-Chrome-! 
. 4 20 
o02 Wear 
7 15 
ee T re hed --* Friction ) ates 
: soo 35 os § 
£ ° a , ; o 2 
§& u 
5 Cast-Niekel- Chrome - 2 % 
> .003 = 
o 
- 3 
002 + 20 = 
° 
18 © 
.oo1 fF 4.10 
gecoseneret eames a ae ae 4.08 
° oa? ’ 





sa ss 0 
0 2 30 40 50 60 70 80oxi0> 
Bearing Stress, psi 


Fic. 5. Wear of cast nickel-chrome alloys, self-mated, lubricated. 


improvement, but still better results were obtained with a 
5.5% silicon addition. The wear test results showed 
Cast-Nickel-Chrome 2, containing 5.5% silicon, to be 
capable of operating at stresses as high as 50,000 psi 
without difficulty, Fig. 5. At higher stresses the test surfaces 
remained smooth and shiny even though wearing was more 
rapid. The relative insensitivity of the frictional coefficient 
to bearing pressure, shown by this alloy, was a further 
indication of the stability of the wearing surfaces after the 
inception of wear. 

Several corrosion resistant hard surfacing alloys are 
commercially available. One of these was included in 
the test program, Cast-Nickel-Chrome 3. Borides, carbides 
and silicides in the nickel-chromium-iron matrix apparently 
were responsible for the very low wear rates observed at all 
bearing pressures surveyed, Fig. 6. This alloy, and other 
similar hard surfacing alloys, could be expected to be 
quite suitable for meeting severe service requirements 
when hard surfacing methods can be applied. 
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Dissimilar Alloy Combinations 

It was evident from the results of these tests that most 
of the wrought nickel alloys do not have outstanding 
anti-wear’ properties if mated with themselves. The work 
was then extended to include dissimilar alloy combinations 
with the hope that some commercial possibilities would 
emerge. Initial efforts were concentrated on those combina- 
tions that might be considered because of alloy similarity 
and that were expected to be at least moderately satisfactory 
on the basis of previous experience. 

Nickel 1A mated with either Cast-Nickel 1 or Cast- 
Nickel 2 performed well, Fig. 7. If bearing stresses below 
18,500 psi are to be encountered, Cast-Nickel 1 might be 
preferable because of its superior machinability. At higher 
stresses, or where lubrication may be intermittent or absent, 
the use of Cast-Nickel 2 would be preferable. It is probable 
that neither alloy could be mated with Nickel 1 satis- 
factorily. 

Cast-Nickel-Chrome 2 was found to be a good alloy 
mate for Nickel-Chrome 1A, Fig. 8. Its performance with 
Nickel-Chrome 1 was such as to indicate an improvement 
over self mated Nickel-Chrome 1 but service requirements 
would necessarily need to be moderate with bearing stresses 
lower than 20,000 psi and with lubrication provided. 
Galling was so severe when Cast-Nickel-Chrome 2 and 
17-7PH Stainless steel were tested, that it is doubtful 
that such a combination could be successful except under 
the mildest of operating conditions. 
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Fic. 8. Wear of Cast-Nickel-Chrome 2 vs. Nickel-Chrome 1 and 
Nickel-Chrome 1A. 


The combination of Cast-Nickel-Copper 2 with Nickel- 
Copper 1A, Fig. 9, resulted in a lower wear rate than for 
Nickel-Copper 1A mated with itself. The test data showed 
that best results could be expected at bearing pressures of 
about 20,000 psi or lower, with lubrication. 
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The results of testing of the type described has permitted 
the establishment of Table 3 showing the expected per- 
formances of various alloy combinations when lubricated. 
Obviously the specific lubricant used will be important, 
Table 3 refers to lubrication with a light turbine oil. 

Alloys whose resistance to wear depends on the presence 
of hard particles in the structure may not always be used 
in contact with alloys of poorer wear resistance, with 
good results. Hardness is no criterion of expected behavior 
since 17-7PH Stainless, with a hardness of 436 BHN, 
consistently galled more readily and wore more rapidly 
than either Nickel-Chrome 1, 262 BHN, or Nickel- 
Chrome 2, 340 BHN, in contact with Cast-Nickel-Chrome 
2. Alloys such as Nickel 1, Nickel-Copper 1 or stainless 
steel derive little benefit from being mated with alloys 
containing hard microconstituents. However, the age 
hardenable high-nickel alloys did show a substantial 
improvement. 


Bearing Alloys 

Most of the bearing alloys consist of a matrix of some 
type containing phases rich in lead, tin or bismuth which 
promote the formation of low shear strength, high ductility 
films on the contact surfaces and which minimize galling 
tendencies. Although the same test procedure of running 
at successively higher bearing loads was used for these 
alloys, it was recognized that rapid deterioration could 
be expected at pressures above their compressive yield 
strengths. This factor of low compressive yield strength 
must also be considered when selecting the type of bearing 
alloy for any application. 

It was not the intention of evaluating a wide variety of 
bearing alloys in this work, but rather to show that suitable 
bearing alloys can be used with nickel-base alloys with 
considerable success. 

Several of the wrought nickel alloys were tested against 
a leaded copper-tin bearing bronze (Bearing-Alloy 1). 
The results shown for Nickel-Copper 1, Fig. 10, were 
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Fic. 10. Wear of Bearing-Alloy 1 vs. Nickel-Copper 1, lubricated. 


typical of those obtained for Nickel 1 and Nickel-Chrome 
1 also. When lubricated, both the bronze and the nickel 
alloy mate showed no tendency to gall or wear. Even after 
the bearing pressure was raised above the compressive 
yield strength of the bronze most of the wear was confined 
to the bronze. The bronze wore rapidly at 17,500 psi 
without lubrication but no damage was done to the nickel 
alloy. This type of performance is highly desirable when 
intermittent lubrication is anticipated. 
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TABLE 3 
Guide to Expected Performance of Nickel Alloy Combinations, Lubricated 
“jay aad thd 
re ) ov 
<|..|3 ABBE 
ee oe eae a) al & ~ = 
winti@ia ee ee -e ee Be e e t 
o|}/o|§&/ § “(nN /OLOLOLOILOI] aI] al al a] >| S 
elealel2) 18lsislslslslslsislslisisisiéle 
= 2/3 aia) & 
~|2/$]S/5/9]=|$/2/2/3/2|/2/2/2| $| S| S14) Sls/d 
SIslelelelsl=|4/41414/4/4/414] ele] ele] 2lSl els 
3/3/3/3/3/3/" 12] 2/3] 3] 3/312] 2/3] 8| 8/8] s/E/S lo 
ZIZ|ZIZ|Z2IZ(S/S/O[OlOlOlo/OlOlmalmalalalal lala 
Nickel 1 P 
Nickel 1A P| F 
Nickel—Copper 1 rifi? 
Nickel—Copper 1A PiFiPiF 
Nickel—Chrome 1 PiPrivir ix 
Nickel—Chrome 1A PIF PIF T Pie 
17-7 PH eiacaelietaedas 
304 Stainless Otaecalatala la wz 
Cast—Nickel 1 P|G|F|F/F/|F|P]P|G 
Cast-Nickel 2 P|G|F|F/F|G|P|P/|F{G 
Cast—Nickel—Copper 1 P|F|F|F/]P|F/]P|P/F/F]F 
Cast—Nickel—Copper 2 P|G|F/F|F/]G|P|P|F/IG|F/|G 
Cast—Nickel—Chrome 1 PiPiPiPiPri Pie eye rte ier 
Cast—Nickel—Chrome 2 P|}G|F/F|F|G|P|P|F|G|F|G/|F/G 
Cast-Nickel—Chrome 3 P|G|F/F/|F|G/P|P|F/]G|F|G|F/|G|G 
Bearing—Alloy 1 G|G|G|!G|G|G|G|}G|G|G|G|G|G|G|G/|G 
Bearing—Alloy 2 G|G|G|G|G|G|G|G|G|G|G|G|G|G|G|G/|G 
Bearing—Alloy 3 G|G|G|G|G|G/|G|G|G/|G|G|G/|G|G|G/|G|G|G 
Bearing—Alloy 4 G|G|G|G|G|G|G|G|G|G|G|G|G|G|G|G|G|G/G 
Bearing—Alloy 5 G|G|G/|G|G|G|G|G|G|G|G|G|G|G|G|G|G|G/|G/|G 
Hard Cr Plate PLP FEE TP LP iP Pig Pi Pi Pi Pierre tcilGiG) ci Gi? 
MoS, Coat F/)F/)F/F/F/F/F/]F/F/P|P/|P/|F/P|P|G|G|G|G|G|F|G 
S Coat G|G|G/|G|G|G/|G|G/|G|G|G|G/|G|G|G/|G|G|G|G|G|G|G/G 
G — Good F - Fair P - Poor 
Often it is impossible to maintain adequate lubrication, 
in which case oilless bearings must be considered. One 
such alloy, Bearing-Alloy 2, was tested to see if it could be 003 + ret 
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used under such circumstances, Fig. 11. Although the 
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here. 
It was found possible to reduce the wear rate of Nickel 1 
to a very low value, and to eliminate galling by mating with 
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Fic. 11. Wear of Bearing-Alloy 2 vs. Nickel 1 and Nickel-Copper 1, 
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the Bearing-Alloys 3 or 4, when lubricated, Fig. 12. The 
Bearing-Alloy 5 has recently superseded the Bearing- 
Alloy 4. Tests made with the Bearing-Alloy 5 mated with 
various types of austenitic stainless steel have shown it to 
be an improvement over the Bearing-Alloy 4. The benefits of 
lower filming tendencies and increased maximum usable 
bearing pressures will probably be shown to extend to the 
high-nickel alloys also, by subsequent tests. 
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Fic. 12. Nickel 1 vs. Bearing-Alloy 3 and Bearing-Alloy 4, 
lubricated. 


Protective coatings 


Some attention was focussed on the wear characteristics 
of several protective coatings. Certainly, all of the large 
number of such coatings available were not tested. It 
would be necessary to do so on an individual basis with the 
particular service application in mind. 

The success of 0.001 in. thick hard chromium electro- 
deposits in protecting Nickel-Copper 1 from galling and 
wear was found to depend in large part on the mating 
combination, Fig. 13. Hard chromium-coated Nickel- 
Copper 1 self mated or mated with Type 304 stainless steel 
was of limited value at the bearing stresses used. However, 
the coating successfully raised the bearing stress required 
to initiate galling when uncoated Nickel-Copper 1 was 
mated with coated Nickel-Copper 1. 
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Fic. 13. Change of coefficient of friction with time, chromium 
plate, 14,000 psi, lubricated. 


Molybdenum disulfide coatings also were found to be 
useful within limits, particularly when self mated, Fig. 14. 

The most spectacular improvement in anti-galling 
properties was shown by alloys that had been given a fused 
salt sulfurization treatment, such as described by Jousset (5). 
Untreated Type 304 stainless steel was found to gall 
excessively at 14,000 psi bearing stress, while treated 
stainless steel operated self mated at stresses as high as 
61,000 psi without galling when lubricated. Without 
lubrication, no galling occurred at stresses as high as 


22,000 psi, Fig. 15. Sulfurized coatings applied to high 


nickel alloys have not been tested as yet. 
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Fic. 14. Wear of MoS, coated Nickel-Copper 1 vs. self, lubricated. 
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Fic. 15. Wear of sulfurized 304 stainless steel vs. self, lubricated. 


The success or failure of surface coatings in making 
it possible for an alloy to be used when resistance to wear 
and galling is required, depends on the nature of both the 
coating and the application. Obviously the coating must 
overcome any galling tendencies of the basis alloy, and it 
must be adherent enough to remain on the metal surface 
during use. In addition, the benefits of the coating may be 
expected only as long as it remains intact. This means that 
coatings are generally of limited use for moving parts 
unless these coatings are resistant to wear or unless they 
can be replaced as they wear away. Unless very thin 
coatings can be used, it may be necessary to make the 
necessary dimensional allowances. 

Frequently the coatings do wear away and cannot 
be replaced while the parts are in motion. Under such 
conditions the use of coatings to prevent galling cannot be 
considered wholly satisfactory. In situations where only 
limited and infrequent movement is involved, coatings 
may be highly desirable. 

Even in limited motion service it may not always be 
possible to use coatings. Nickel-base alloys and the stainless 
steels are often used primarily for their corrosion resistance. 
Unless the coating also resists corrosion or high temperature 
oxidation, it will soon deteriorate and become worthless. 
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This aspect needs to be thoroughly investigated before any 
coating can be recommended for use in a specific en- 
vironment. 
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Investigation of Wear by Electron Diffraction 
By L. M. NIEBYLSKI!, M. ANTLER?, and L. O. BROCKWAY?® 


This review of electron diffraction theory and technique emphasizes its scope and limitations in 
the study of lubrication. The first section describes important areas of wear and friction studies 
where the electron diffraction method may be used, with examples chosen from the literature. 
Included in the discussion are: (a) monolayers, liquid lubricants, and greases, (b) polished and 
amorphous films, (c) the relation to wear of the crystallite size of surface phases, (d) possible 
relations between wear and the orientation of surface films, (e) solid lubricants, (f) mechanism 
of extreme pressure lubrication, and (g) the identification of wear debris. 

The second part of the paper presents the electron diffraction results from three wear studies 
in the authors’ laboratories. 

Molybdenum isobutylxanthate is an effective extreme pressure oil additive for hard steel. 
Electron diffraction shows that the anti-wear mechanism may in part be due to the formation of 
a film containing iron monosulfide. 

Cast iron top-piston-ring durability in a spark-ignition engine was studied using several 
fuels which gave widely different wear rates. The composition of the surface layers of worn rings 
possibly does not depend on fuel additive, but is dependent on test length. The degree of 
orientation of occluded graphite which has been smeared over the surface is primarily a function 











of wear rate. 


Finally, preliminary studies suggest that there may be a relation between ring-bore wear and 
the crystallite size of the solids of combustion of fuel additives. 


Introduction 


Wear research is concerned with various properties of 
matter, such as hardness, elasticity, adhesion, shear strength, 
surface geometry, and the structural and chemical changes 
that occur on surfaces during rubbing. The importance of 
wear and its control has stimulated the development 
and application of new experimental techniques of study. 
One of these is electron diffraction which provides informa- 
tion on the chemical composition and physical state of the 
surface layers of a solid. 

Electrons have very limited penetration; therefore, the 
diffraction patterns arise mainly from the uppermost 
materials making up the surface, with little or no contribu- 
tion from the underlying matrix. Furthermore, the strong 
scattering power of matter for an electron makes it possible 
to obtain good patterns from very small quantities of 
material in a matter of seconds. Because of these physical 
characteristics of an electron, the electron diffraction 
technique is well suited to study surface phenomena. 

Electron diffraction has been used to only a limited 
degree in wear and friction studies. Its applicability is 
based on an interpretation of the changes in the diffraction 
pattern obtained from the surface of a specimen that has 
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been rubbed and exposed to various environmental 
factors which influence friction and wear, such as atmos- 
phere, lubricants, and heat. The patterns obtained by 
electron diffraction are unique for each individual crystalline 
phase and serve to “‘fingerprint” them. In general, electron 
diffraction patterns of polycrystalline material can provide 
information regarding composition, crystal structure, size 
of crystal grains, and the presence or absence of preferred 
orientation, crystal distortion (1) and defects, and the 
formation of slip planes in the surface crystals (2). 

The theory and application of electron diffraction have 
been extensively discussed by Thomson and Cochrane (3), 
Brockway (4), and Pinsker (5). Preparation of specimens for 
electron diffraction has been described by Rowland (6). 
The applications and advantages of electron diffraction in 
the field of lubrication have been discussed by Godfrey (7) 
and Brill (8). 

The electron diffraction technique is based on the 
fact that coherent scattering (diffraction) will occur from 
an ordered structure when a monoenergetic beam of fast 
electrons is passed through or across a surface of a solid. 
The techniques of reflection and transmission diffraction 
are schematically illustrated in Fig. 1(a) and 1(b). The 
diffracted electrons produce a pattern which is recorded 
photographically. 

A relation derived from Bragg’s law states that the 
interplanar spacing d(nxi), of a diffracted beam from a 
particular crystal Ak/ plane is given by the equation, 
dnxi =AL/R, where L is the specimen to plate distance, A the 
wavelength of the electrons, and R the distance from the 
undiffracted to the diffracted beam on the photographic 
plate. A 50 kv accelerating voltage will give an electron 
wavelength of 0.0536 angstrom. For a randomly oriented 
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Fic. 1. Formation of electron diffraction patterns from polycrystal- 
line materials. 


polycrystalline material the diffraction pattern appears as a 
series of rings, as illustrated in Fig. 2 which shows a pattern 
of lead oxide. The electron diffraction patterns are anal- 
ogous to X-ray diffraction patterns. In both X-ray 
and electron diffraction studies, identification of the 
phases is made by comparing the patterns with those 
obtained from known compounds. These data are catalogued 
in ASTM X-ray diffraction index cards or are given in the 
literature. Identification of electron diffraction patterns 
may be made by using X-ray diffraction data if it is 
recognized that appreciable intensity differences may 





Fic. 2. Reflection diffraction pattern of polycrystalline lead oxide. 


occur due to differences in relative structure factors. New 
phases can usually be characterized as to crystallographic 
cell size and type, orientation, and average crystallite size, 
but chemical composition cannot be determined from the 
diffraction data alone; for this purpose other techniques, 
such as chemical or spectrographic analysis, must be used. 

The balance of this paper is divided into two sections. 
In the first, important areas of wear and friction study where 
the electron diffraction method may be used are described, 
with examples chosen from the literature. In the second 
section, several examples of recent investigations in the 
authors’ laboratories are cited. 


Types of observations 
diffraction 


possible by electron 


1. Monolayers and Liquid Lubricants 


The ability of an adsorbed monolayer of long-chain, 
unbranched fatty acids to reduce wear and the friction of 
sliding surfaces has been described by Bowden and 
Tabor (9). From the diffraction patterns of these mono- 
layers the probable orientation of the adsorbed molecules 
as well as the lateral intermolecular spacing of the carbon 
atoms in the chain may be found. 

A variety of diffraction patterns, or layer line patterns, 
as they are more often called, can be obtained from 
monolayers. These patterns may consist of diffuse 
parallel bands, sharp or diffuse rings accompanied by 
spots, or tilted lines. The sharpness of the diffraction 
pattern is due to the number of carbon atoms in a chain; 
generally, the longer the chain in a homologous series of 
compounds, the sharper the diffraction pattern. A typical 
layer line pattern is shown in Fig. 3. The type of layer 
line pattern obtained with a given material depends on the 
surface on which the monolayers are formed; a polished 
surface will give a different pattern from one formed on a 
worked surface. For example, a monolayer of cerotic acid 
on flamed, rolled platinum foil produces diffuse broad 
bands, while a more oriented layer line pattern is obtained 
on mechanically polished platinum (10). The contrasting 
diffraction patterns result from differences in molecular 





Fic. 3. Layer line pattern. 
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orientation associated with the differences in the structure 
of the platinum surface. 

An example of an electron diffraction study of monolayers 
in wear is the recent work by Nagata, et al. (11), who 
investigated lubrication by alkyl-substituted aromatic 
compounds. They showed that wear and friction decreased 
with increasing alkyl chain length, and the best lubrication 
was obtained with C,, to C,, compounds. With electron 
diffraction they established surface film orientation and its 
molecular dimensions; the more oriented molecular layers 
had the best lubricating qualities. 


2. Polished and Beilby Layers 


Metallographic polishing of specimens for electron 
diffraction and microscopy must be carefully done in 
order to produce a surface free of relief effects and distor- 
tion due to flowed metal. Often mechanical polishing 
works the surface of a specimen causing deformation of the 
underlying microstructure. The specimen may also be 
inefficiently cooled resulting in flow of the surface layers. 
The diffraction patterns from such surfaces consist, 
generally, of two very diffuse rings. These patterns have 
been interpreted by many investigators to signify a layer of 
amorphous material up to 50 A thick. This amorphous 
material is sometimes referred to as the Beilby layer. 
In 1921 Beilby proposed that metal polishing involves 
superficial melting and rapid cooling of a surface, with 
consequent formation of an amorphous layer. Evidence 
for the layer of amorphous material on polished materials 
has been critically reviewed by Leise (12), who concluded 
that the degree of crystallinity of a worked surface cannot 
be determined by electron diffraction. Recent work shows 
that a polished layer does not consist as a single component, 
an amorphous modification of the metal, but rather it is a 
mixture of the metal and its oxides with, possibly, an 
excess of adsorbed oxygen on the surface. 

Rubbed surfaces often give diffuse electron diffraction 
patterns; as a consequence, surface composition analyses 
cannot be made. However, to obtain sufficient pattern for 
composition analysis, the wear specimen can be mildly 
abraded with fine emery paper. This scores the surface 
allowing sharp diffraction rings to be obtained. Another 
technique for removing the polished layer is electro- 
polishing. 


3. Crystallite Size 


The diffuseness, or degree of line broadening, of. the 
electron diffraction pattern is a measure of the average 
crystallite size of the particles contributing to the diffraction 
line; the broader the line, the smaller the average crystallite 
size. Klug and Alexander (13) comprehensively discuss 
the quantitative determination of crystallite size from 
diffraction patterns. Line broadening measurements of 
electron diffraction rings permit one to estimate crystallites 
smaller than 150 A. X-ray diffraction may also be used to 
measure the crystallite size of a material, and is applicable 
to crystallites srnaller than 1000 A. A distinction should be 
made between particle size and. crystallite size. Particle 
size considers actual geometric shape. The particles 
themselves are generally not single crystals, but are 


composed of smaller crystals called crystallites. It is the 
crystallites which are measured by diffraction line 
broadening. 

Generally, diffuse diffraction rings indicate materials 
with crystallinity which approaches amorphousness. How- 
ever, electron diffraction line broadening may also be 
related to metal fragmentation, working, or plastic distortion 
of the surfaces. From electron diffraction patterns it is 
possible to establish the degree of crystallinity of a wear 
specimen surface, wear debris, or lubricating film. This, 
in turn, may explain any unusual physico-chemical effects 
which occur, such as enhanced boundary lubrication, or 
gross deterioration of certain phases of the matrix material. 
Herdan (14) points out that the speed of chemical reactions, 
such as oxidation, may be related to the particle or crystallite 
size of materials on the surface. Experimental data relating 
to the effect of crystallite size on wear processes are 
presented in the second part of this paper. 


4. Oriented Surfaces 


From the continuity and sharpness of the rings in an 
electron diffraction pattern it is possible to establish the 
degree of orientation of the crystallites on the wear surfaces. 
Preferred orientation is recognized by irregularities in 
intensity along the circumference of certain rings, as 
illustrated in Fig. 4. By determining the planes of reflection 
in a crystal producing the orientation it is frequently 
possible to show that certain zone axes of the crystals tend 


r 





Fic. 4. Diffraction pattern of an oriented glass surface. 


to be normal to the surface. Surface orientation studies in 
combination with composition analysis may be helpful in 
explaining the mechanism of effectiveness of a wear 
resistant film. At present the importance of orientation ‘of 
surface material per se in the development of run-in 
surfaces and the formation of anti-wear films is unknown. 
An oriented lubricating boundary film may be formed in 
several ways, by a vapor-surface reaction, adsorption or 
chemical reaction with certain oil additives, or even by 
spreading occluded crystallites derived from the matrix 
material of a metal, such as graphite from cast iron. 
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Solid lubricants which have layered lattices, particularly 
graphite and molybdenum disulfide, often show preferred 
orientation on rubbed surfaces. By studying the orientation 
of various solid lubricants on different metals by electron 
diffraction it would be possible to determine whether the 
type or degree of orientation, as seen in the case of mono- 
layer films, is related to changes in friction or wear. 

There is evidence that a given boundary film may be an 
effective lubricant on some surface materials, as with neat 
silicone oils on brass, while a poor lubricant on others, as 
in the case of neat silicone oils on iron. These examples 
suggest that the crystallite make-up and orientation at the 
interface of the rubbing surfaces control the lubricating 
qualities of a material. 

Using electron diffraction Wilman (15) studied lattice 
orientations of metal surfaces after unidirectional abrasion 
with emery paper. Polycrystalline metals which have 
hexagonal structures, Be, Zn, Ti, and Zr, became oriented 
with the (001) plane parallel to the abrasion direction. The 
face-centered polycrystalline metals, Cu, Ag, Au, and Pt, 
became oriented with the (110) plane, and the body- 
centered metals, Fe and Mo, oriented with the (111) 
plane parallel to the abrasion direction. From the various 
orientations these metals produce it seems that a solid 
lubricant assuming these orientations might behave 
differently on each metal surface. 

Oriented overgrowth, or “‘epitaxie’’, has been successfully 
studied by electron diffraction. When applied to single 
crystals it has provided useful information regarding the 
extent of misorientation, distortion, and size of crystallites 
produced in the surface layers. In general, the greater the 
structural similarity between substrate and overgrowth, 
the greater the tendency for preferred orientation (16). 

Harris, Ball, and Gwathmey (17) and Caplsen (18) 
found that the rates of oxidation of a metal differed with 
crystal faces or planes. Gwathmey (19) also showed that 
coefficients of friction vary in a hydrogen atmosphere for 
different faces of a single metal crystal depending on the 
reactivity of the crystal face to hydrogen. 


5. Solid Lubricants 


Solid lubricants are becoming increasingly important in 
high temperature lubrication where no liquid is sufficiently 
stable. There is interest in solid lubricants for use in gas 
turbines and jet engines where surface temperatures of 
some moving parts may exceed 750°F. For this reason 
solid lubricants with thermal stability and lubricating 
effectiveness at 1000°F or higher are being developed. 

Peterson and Johnson (20) studied eight solids and 
found that only PbO was an effective lubricant, while 
Pb,0, and other metallic oxides had poor wear inhibition 
qualities. It would be pertinent to apply electron diffraction 
to similar studies to establish any physical differences, 
such as in orientation and crystallite size of the solids, or 
chemical changes that may have occurred during rubbing. 
It is known, for instance, that orthorhombic yellow Pb0 
transforms very readily on rubbing to the tetragonal red 
form which tends to orient with its axes parallel to the 
substrate surface. It seems, therefore, that tetragonal 
rather than orthorhombic PbO is the effective lubricant. 


Another type of composition change which could occur in 
rubbing is that due to solid state reactions of the solid 
lubricant with the metal or with the metal oxide of the 
surface. For example, lead oxide on an iron surface might 
form Fe,0,°‘Pb0 under the proper conditions. 


6. Extreme Pressure Lubrication 


Another type of solid lubricant are the films formed by 
the degradation of EP compounds, which usually involves 
chemical attack of the surfaces. Surface films of FeS and 
FeCl, on steel were identified by electron diffraction 
after heating with dodecylsulfide and tetrachloroethane (21). 
A more striking example of the utility of electron diffraction 
in identifying EP films is the work by Simard, Russell, 
and Nelson (22). Mineral oil containing free sulfur formed 
iron oxides or hydrates on steel surfaces when heated at 
150°C, or when run in bench machines at low and high 
loads. If FeS was produced in an initial reaction, it con- 
verted later to the oxide. Mineral oils containing lead 
naphthenate in addition to free sulfur gave a layer of 
PbSO, after heating at 150 C, or when used as a lubricant 
on steel surfaces. After the test had been resumed at more 
severe conditions in the rubbing experiments a layer of 
PbS appeared superimposed on the PbSO,. Lead sulfide 
admixed with some PbSO, formed at 500 C. Lead sulfide 
is a recognized solid lubricant (23). These lead-containing 
films are unusual, and could not have been identified or 
even detected by other techniques. 


7, Identification of Wear Debris 


An electron microscopy examination of solid surfaces 
ordinarily involves the preparation of replicas which are 
then shadowcast with a heavy metal for subsequent 
examination by transmission techniques. It is difficult to 
prepare satisfactory facsimile of some surfaces, and in 
these cases direct examination may be possible with the 
electron microscope used as a reflection instrument. This 
reflection technique involves the direction of an electron 
beam at a glancing incidence onto the surface and focusing 
the scattered electrons with an electromagnetic lens. The 
resulting electron micrograph reveals the surface contours 
somewhat in the same way that a pedestrian sees the 
surface irregularities of a road illuminated by oncoming 
car headlights. Resolution is relatively poor, however, 
usually not exceeding 250 A. The usefulness of reflection 
electron diffraction in conjunction with reflection electron 
microscopy in identifying wear debris adhering to worn 
surfaces has been pointed out by Archard and Hirst (24). 

Fisher (25) demonstrated the usefulness of selected area 
diffraction in conjunction with electron microscopy to 
identify precipitated particles on steel surfaces. Fisher 
used an “extraction replica” technique to strip the particles 
from the surface. This method consists of etching and 
polishing the metal surface, coating it with a plastic, 
followed by a second etchant which frees the precipitated 
particles from the surface, with the plastic film intact. 
The replica is then examined in an electron microscope and 
analyzed by selected area diffraction. 

Selected area diffraction would also be useful in identify- 
ing wear debris adhering to the surface of a wear specimen. 
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In an electron micrograph of a piston ring surface shown in 
Fig. 5, large discrete particles have been stripped from the 
ring surface. Selected area diffraction patterns show these 
particles to be Fe,0,. 





Fic. 5. Replica of a worn ring surface. 


Selected area diffraction could also be particularly useful 
in the analysis of wear debris which might be suspended in 
an oil in very low concentration. 


Recapitulation 


The major uses of electron diffraction in the study of 
wear and lubrication are summarized in the schematic 
cross-sectional view of a rubbing surface shown in Fig. 6. 
The top layer represents a monolayer film whose orientation 
and spacing between alternate carbon atoms in a polar 
chain can be determined by electron diffraction. Below 
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Fic. 6. Schematic cross-sectional view of a rubbing surface. 


this is a film of either a metal oxide, solid lubricant, or a 
solid derived from an EP additive. 

From electron diffraction patterns it is possible to 
establish the composition, concentration, crystallite size, 
and orientation of the various constituents in the different 
layers. The presence of amorphous layers, wear debris, 
and minor phases in an alloy may also be detected and 
studied by the electron diffraction technique. There is 
little doubt that electron diffraction can be applied profitably 
to help solve new problems arising in the science of wear 
and lubrication. 


Experimental 


1. Electron Diffraction Study of Anti-wear Films formed from 
Molybdenum Isobutylxanthate 


Hugel (26, 27) has shown that 2% molybdenum decylxan- 
thate imparts good load-carrying ability to mineral oil 
using the Four-Ball Extreme Pressure Lubricant Tester. 
He suggested that a complex molybdenum oxysulfide, 
MoOS,, formed by degradation of the oil additive on the 
rubbing surfaces, is the anti-wear agent. This mechanism 
of action is similar to that of the lead naphthenate-active 
sulfur oil additive combination which has been widely 
used in hypoid gear oils (22). 

As a class the molybdenum alkylxanthates (28, 29) 
have very low thermal stabilities, and this is particularly 
true with the C, compounds and analogs of longer chain 
length. A pure sample of molybdenum decylxanthate 
could not be isolated because it readily decomposes at 
room temperature with the evolution of a copious amount 
of hydrogen sulfide. Molybdenum isobutylxanthate is 
more stable, although on mild heating it also decomposes 
to liberate hydrogen sulfide in addition to other volatile 
products. It seemed probable, therefore, that at the 
conditions of Hugel’s experiments with the decylxanthate, 
iron sulfide was formed by attack of the ferrous wear 
surfaces, and that it contributed to lubrication together 
with the molybdenum-containing solids which are postu- 
lated to have also been formed. 

A 1% blend of molybdenum isobutylxanthate in a 
1:9 mixture of thiophene-free benzene and mineral white 
oil was evaluated. The benzene was necessary to facilitate 
solution of the molybdenum additive. This blend is 
compared to the neat benzene-mineral oil mixture in Fig. 7 
using the Four-Ball Extreme Pressure Lubricant Tester 
and 52100 steel specimens in one minute runs. The higher 
weld load and the smaller scar diameters with the additive 
lubricant demonstrate the effectiveness of molybdenum 
isobutylxanthate. 

To test the hypothesis that anti-wear action in- 
volved ordinary EP corrosion, the used balls from the 
run at 120 kg with the molybdenum isobutylxanthate 
blend were examined by electron diffraction. The scars 
of both the rotating and the stationary specimens were 
covered with a crystalline solid whose diffraction pattern 
does not appear in the ASTM X-ray Diffraction Card 
Index. The d values of the major diffraction lines are 
included in Table 1. After abrading lightly with 2/0 
emery paper to uncover phases which might be buried 
beneath the top layer, patterns of a mixture of a-Fe,03, 
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Fic. 7. Evaluation of 1% molybdenum isobutylxanthate in the 
four-ball extreme pressure tester. 


Fe,0,, and FeS were obtained on all balls. This suggests 
that FeS is formed during the early part of the run by 
reaction of the surfaces with the hydrogen sulfide liberated 
from the additive, and that the unidentified solids deposit 
afterwards. In order to determine whether this material is 
Hugel’s MoOS,, it would be necessary to prepare com- 
pounds of known composition and to obtain their electron 
diffraction patterns. An exhaustive solid-state study of the 
ternary Mo, O, S system might have to be made before a 
substance with the same pattern as the one in Table 1 
were obtained. 


TABLE 1 


Major d Values of Molybdenum Isobutylxanthate 
Decomposition Product Layered on Wear Surfaces 








d Intensity* d Intensity 
3.38 mw 2.02 m 
3.18 mw 1.69 mw 
2.83 vs 1.62 ms 
2.32 m 1.53 m 
2.25 m 1.24 ms 








* Visual estimation of amount present on a scale ranging from 
vs (very strong); s (strong); ms (medium strong); m (medium); 
mw (medium weak) ; w (weak); and vw (very weak). 


It is evident that the anti-wear mechanism of 
molybdenum xanthates is more complex than could have 
been surmised from Hugel’s work. These experiments 
provide a good example of the ability of electron diffraction 
to describe EP action. 


2. Electron Diffraction Study of Worn Cast Iron Top 
Compression Rings in the Spark-ignition Engine 
This study was undertaken to test the applicability of 


electron diffraction methods to the examination of cast 
iron piston rings obtained from test engines. It was felt 


that information might be provided about the chemical 
changes which occur on the surfaces during engine running. 
If correlation of this information with other test data were 
possible, a fuller understanding of the wear processes 
involved might be gained. 

Cast iron engine surfaces have been examined previously 
by electron diffraction. Finch, et al. (30), obtained diffuse 
patterns from used cylinder sleeves and interpreted this to 
signify the presence of a Beilby layer; this conclusion is 
now considered erroneous. Nowick and Brockway (31) 
found graphite only on all worn surfaces, and speculated 
that it was derived from the cast iron surfaces themselves. 
An extension of this study (32) showed that iron oxides 
and a-iron might also be found on worn surfaces, with the 
non-graphite portion increasing in amount the closer the 
worn surfaces (rings and bores) were to the combustion 
chamber. 

In the present work cast iron top ring surface composition 
was studied from runs with fuels containing various 
additives, additives chosen so as to induce extremes in 
wear rate. Three fuels, designated as A, B, and C, were 
used. From general experience encompassing a broad range 
of operating conditions, wear with fuel A was known to be 
nominal, while fuel C produced wear at a ten-fold or greater 
rate. Fuel B gave intermediate wear. A single cylinder 
research-type engine was used. The piston assembly 
included a } in. wide, flat face, cast iron top compression 
ring. The second compression and oil rings were also made 
of cast iron. 

Table 2 summarizes the results of the electron diffraction 
examinations. Average values of surface composition of 
the ring are given. Actually, the several diffraction patterns 
obtained for different areas on the same ring showed some 
variation. This is not surprising, since the spreading of 
graphite from inclusions in the iron and the oxidation of the 
iron cannot be expected to be completely uniform over a 
surface as large as a piston ring. The iron oxides were 
not usually distinguishable because of similarity of diffrac- 
tion pattern. In the instances where particularly good 
patterns were obtained, both a—Fe,0, and Fe,0, (or y—Fe,0;) 
were present. From the spotty diffraction rings, the crystal- 
lite sizes of the phases detected on the surfaces were 
estimated to have been 500 A or greater. In a few instances a 
superficial layer of an inorganic solid derived from the 
fuel additive itself was detected, together with the graphite 
and iron oxides which are indicated in Table 2. Spectro- 
graphic analysis of the ring surface has always agreed 
with the electron diffraction detection of such materials. 
In examining the Table it must be emphasized that 
comparison of the relative amounts of phases is much more 
reliable for different phases in the same pattern than it is 
for the same phase in different patterns. For this reason, 
the comparison of the amounts of phases in a pair of 
patterns is to be made only with extreme caution. 

The following conclusions may be made: 

1. Surface composition is related to test duration. Nine 
rings were examined, three from short runs and six from 
intermediate and long runs. Iron oxides predominate in 
all short runs, while graphite is equal to or predominates 
oxides in five of the six longer runs. 
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TABLE 2 
Phases Observed on Top Ring Faces 

















Phases and amounts 
Wear Run length 
Run Fuel rate (hours)! rpm Graphite Iron oxides 
Short Runs 
1 A Low 4 3600 w* mw 
2 B Med. + 3600 m* ms* 
3 c High + 1800 w ; s 
Intermed. Run 
Cc High 12 1800 ms* w* 
Long Runs 
5 A Low 69 3600 m* m 
6 B Med. 69 3600 w* m 
7 B Med. 74 3600 s®* w 
8 B Med. 87 1800 s w 
9  & High 80 1800 vs vw 
1 At full throttle, after a period of break-in operation. 

















* Signifies marked discontinuities in diffraction rings. 


2. Surface composition possibly is not related to wear 
rate. Consider runs 1, 2, and 3. Going from low to high 
wear, the iron oxides appear larger in amount than the 
graphite on the same ring. In runs 5 through 9, the opposite 
holds; proceeding from low to high wear, the graphite 
becomes larger in amount relative to the oxides on the 
same ring. These two setsof observations can be summarized 
by stating that there is no distinct difference in the distribu- 
tion of graphite and oxides on the same specimen as a 
function of the fuel used. In any case, the relationship of 
surface composition to test duration, described above, is 
the predominant effect. 

3. The orientation of graphite on the surface is related 
to wear rate. Oriented graphite appears in both runs with 
low wear fuel A, in three of four runs with intermediate 
wear fuel B, but in only one of three runs with high wear 
fuel C. A plausible explanation is that time is needed for 
orientation, and at very high wear rates, the graphite is 
lost by the system before orientation is possible. The 
marked tendency of graphite to orient stems from its 
laminar structure. 

It is interesting to observe that the good wearing 
properties we generally attribute to cast iron are largely 
due to the graphite which it contains, yet the presence 
of graphite on the surface of a cast iron ring at the con- 
ditions of engine operation does not itself guarantee a 
low wearing system. 

These relationships between surface composition and 
wear rate or test conditions demonstrate the utility of 
electron diffraction in describing the surface changes of 
piston rings from engine operation. It would have been 
impossible to obtain this information in any other way. 
This study also emphasizes the need for further work. 
It is believed that one change in procedure should be 
particularly promising: a coupling of surface studies with 
determinations of the instantaneous wear rate of the 
part immediately prior to conclusion of the run. In- 
stantaneous wear rate is liable to vary from time to time, 
since the rate of wear in as complex a machine as an engine 
cannot always be expected to be constant. There is no 


major technical obstacle to the use of radioactive parts in 
electron diffraction studies, and the tracer technique 
which is now so common in engine wear work might then 
be simultaneously employed. Such studies should be par- 
ticularly feasible with radioactive chrome plated rings 
because of the low energy of the radiation involved. 

The face and side wear problems of top compression 
cast iron piston rings may not be the same when chrome 
plated, just as the wear problems of the top compression 
ring may not be identical to those of the oil ring. It has been 
convenient in much of the work, however, to concentrate 
on the wear problems of the cast iron top ring because this is 
a critical area in determining engine durability, and to 
measure total, i.e., face and side, wear for simplicity. 
It is expected, also, that what is learned will be indicative 
of wear problems elsewhere in the engine. 


3. The Relation between Combustion Solids and Ring-bore 
Wear in the Spark-ignition Engine 


The additive in fuel C is a highly effective antiknock. 
It has the disadvantage, however, of causing excessive 
engine wear, especially of the rings and bores. The wear 
mechanism is generally believed to be abrasion, induced 
by the oxide combustion solids from the antiknock metal, 
and which find their way to the various rubbing surfaces 
via the lubricant. Supplemental fuel additives were 
successful in reducing wear by modifying the solid com- 
bustion products. 

The authors have recently examined by electron diffrac- 
tion the combustion solids from a single cylinder engine 
operated at identical conditions on two fuels, one con- 
taining this antiknock as the sole additive, and the other, 
the antiknock and a chemical wear inhibitor. Solids were 
collected from the gas stream in the vicinity of the exhaust 
valve. The average crystallite size as well as the composition 
of the solids were determined by electron diffraction. It 
was found that the compositions were different and that a 
reduction in crystallite size had occurred. Thus, the 
effectiveness of fuel wear inhibitors has both a chemical 
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and a physical basis. The results of the diffraction analyses 
are in general agreement with a parallel electron microscopy 
determination of the particle sizes of the exhaust solids 
and composition determinations of solids scraped from the 
combustion chamber after long engine runs. By combining 
the results from both the electron microscopy and the 
diffraction studies, it was evident that relatively little 
agglomeration had occurred. The exhaust solids were too 
small for X-ray methods to be applied. 
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A Study of the Effect of Wear Particles and Adhesive Wear 
at High Contact Pressures 


By E. B. SCIULLI' and G. M. ROBINSON? 


The wear rate and friction characteristics were determined for certain combinations of cobalt 
base alloys and stainless steels when rubbed together at unit pressures up to 300,000 psi in an 
environment of demineralized water at room temperature. Wear rate and friction data were 
collected both in the presence and absence of wear particles. A study was also made on the effect 
of sliding-surface geometry in trapping wear particles. 

The results suggest that an exponential relationship exists between wear rate and stress for 
the materials of test and this relationship is influenced by material combinations and sliding 
velocity. Entrapped wear particles also affect the wear rate. 

Because the wear rate appears to increase sharply at some nominal contact stress when the 
data is plotted on Cartesian coordinates, the authors define an ‘‘Apparent Critical Stress’’, 
using this term and a wear factor term to aid in the evaluation and discussion of results. 


Introduction 


THE current adhesion theory of dry friction suggests that 
adhesion or galling is the irreducible minimum or base 
wear. Exponents of the theory feel that, “by first learning 
the laws of galling wear, one can possibly later deduce the 
effect of other factors such as corrosion, etc.’’* 

In the course of their carefully controlled experiments 
with steel, Burwell and Strang concluded, among other 
things, that, “At normal pressures averaged over the 
apparent contact area which are less than one third the 
hardness of the softer material, the amount of wear was 
found to depend linearly on the distance of travel and 
on the load but was independent of the apparent area of 
contact. At average pressures greater than one-third the 
(indentation) hardness, the depth of wear varied linearly 
with the distance of travel, was independent of the apparent 
area of contact for a given average normal stress, but 
increased manyfold for small increases in stress.”” The 
experiments described below were performed to determine 
whether this phenomenon of a critical stress was ex- 
hibited by materials suitable for nonlubricated service in 
water. 

Further objects of the research program were to 
determine, for design purposes, the wear rate and co- 
efficients of friction that are experienced when certain 
combinations of cobalt based alloys and stainless steels 
are rubbed together at pressures up to 300,000 psi in an 
aqueous atmosphere of various chemistries. To this end, 
wear rate and friction data were collected for both small and 
large sample sizes. The influence of speed and specimen 
size were evaluated and a study made of the effect of sliding- 
surface geometry. 





Presented as an American Society of Lubrication Engineers 
paper at the Lubrication Conference held in Toronto, Canada, 
October, 1957. 
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Laws of Adhesive Wear”, ¥. Appl. Phys., v. 23, n. 1, 1952. 
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The test machine 


The machine used in this program (Fig. 1) is a modifica- 
tion of one that was originally employed to evaluate 
materials for use in water-lubricated thrust bearings. 





Fic. 1. Test machine. 


Made entirely of corrosion-resistant materials, the machine 
consists of a hydrostatically supported plate within an 
enclosed chamber. Extending radially from the plate are 
two torque bars to which strain gages are attached for 
measuring the friction forces developed. Mounted atop 
the plate is a disc-type runner made of one of the test 
materials. Prod-type sliders made of the second test 
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TABLE 1 
Approximate Chemical Compositions 
Cobalt Base 
Alloy Co Ni Fe Cr Mo Ww Cc Others 

CoCrW-J 41 2.5 3 32 —_ 17 2.5 2 
CoCrW-1 46 3 2.5 31 _ 13 2.45 1 
CoCrW-3 46 3 3 30.5 -- 13 2.45 1 
CoCrW-25 49 10 3 20 1 15 0.09 2 





























material are screwed into a holder (Fig. 2) that is firmly 
keyed to a heavy drive shaft. 





Fic. 2. Test specimens (Prod-type sliders (lower left); continuous- 
ring-type (lower right); the runner, containing a wear track 
(center); prod-holder with prods in place (background).) 


The load is applied by dead weights acting through a 
lever system which pulls down on the shaft. Thus, while 
the prods are loaded in compression, the shaft is always in 
tension. When the prods wear, the same lever system 
magnifies the depth of wear, displaying it on a dial in- 
dicator. Appropriate guide and thrust bearings align the 
shaft and free it from restraint of the motor and gear 
reduction system. The atmosphere in the chamber is 
demineralized water, held at constant temperature. 


Experimental procedure 


The program was divided into two phases. Phase 1: 
an attempt was made to eliminate the effect of all factors 
but adhesive wear. Phase 2: the slider geometry was 
altered so that the wear particles formed by the rubbing 
were trapped between the contact surfaces for at least a 
finite length of time. 


In the adhesive wear tests, three small (0.060, or 0.080 
in. dia.) prod-type sliders were loaded so that they pressed 
against the disc at nominal contact stresses ranging from 
20,000 to 300,000 psi. All three prods were run continuously 
over the same wear track (34 in. dia.) at speeds of either 
9.35 or 93.5 in. per min. The prods were small enough 
that the wear particles formed beneath them were almost 
immediately freed and then, by action of the circul:ting 
water, flushed out of the path of the succeeding slid ‘rs. 
The sliding speed and prod spacing were such as to 
minimize local heating of the disc. The time required fir 
two prods to pass a given point was thought to be small 
enough to prevent the formation of appreciable contamina- 
ting films at the contact surface. 

To determine the effect of entrapped wear particles, a 
narrow annular ring (Fig. 2) was used as the slider. Particles 
formed at the contact surface in these tests were trapped, 
or at least had difficulty in moving out of the wear path. 
At first, tests were made with a continuous ring; then three 
small radial slots were cut in the ring to form elongated 
prods separated by tiny escape routes. Later the slots were 
made larger and, since the prod length became shorter, the 
average wear particle traveled a shorter relative distance 
to reach the trailing edge of the slider and thus escape. 

In both phases of testing, as wear took place, the down- 
ward motion of the shaft (depth of wear) was measured by a 
dial indicator and the friction was continuously recorded, 
by electronic means, on a chart. Since the shaft speed was 
known, the same chart was also used as a record from 
which distances of slider travel were determined. Periodic- 
ally during the tests the stress was increased by adding 
more weight to the loading arm. The test was terminated 
when either the wear rate became noticeably high, or a 
specimen broke. 


Analyzing the data 


In analyzing the data it was convenient, since it is 
directly applicable to design, to plot on Cartesian co- 
ordinates the coefficient of friction and rate of wear (total 
linear depth of wear per unit travel) versus nominal contact 
stress. This resulted in curves having the general form of 
the solid lines shown in Fig. 3. 

Actually, the wear-rate curves could probably be ex- 
pressed by an exponential equation*, which would be one 





* There were neither time nor funds available to substantiate 
the exponential relationship suggested by the plots and a pre- 
liminary regression analysis. 
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Figure 5 shows the data of Fig. 4 replotted on semi-log 1 
coordinates and indicates the exponential relationship C 
' suggested above. (The plot of CoCrW-1 on CoCrW-3 ¢ 
FRICTION is also shown in Fig. 5). ‘ 
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of the better ways of interpreting and comparing the data. CONTACT STRESS (PSI) 
However, it was deemed much more effective for the im- Fic. 5. Exponential relationships. 


mediate purpose to approximate these curves by two 
straight lines. Since the intersection of these lines indicates Wear results when using prod sliders 
where the wear rate appears to increase sharply, the 
contact stress at that point was termed the “Apparent 
Critical Stress” or ACS. For quantitative comparisons 
this ACS value and two wear factors (Fig. 4) were used. 


Results of tests of several slider materials show that the 
wear factors associated with the low-stress and the 
“increased wear” portions of the wear rate curve are 
characteristic of the individual slider materials (Fig. 6). 
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Fic. 6. Wear factors. | 
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The wear factor is the slope of the straight line described 
above, and can be defined as the change in linear depth of | Typical values of wear factors for the increased-wear 
wear per unit of travel for a small change in contact stress. portions are: 
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17-4 PH Stainless Steel 1000 (x10-"*in./in.—psi) 

CoCrW-25 500 to 700 (x10-"*in./in.—psi) 

CoCrW-1 200 to 400 and 2000* (x10-?in./ 
in.—psi) 

Typical values of slope for the low-stress portions were not 

tabulated because they are not clearly enough defined. 

If the slope (h/L)/P at each point along a test curve is 
plotted against P, where h is the linear depth of wear, 
L the slider distance traveled and P the nominal contact 
stress, the resulting curve is similar to that of Burwell and 
Strang except that (a) the ACS for these stainless steels 
and cobalt based alloys does not occur at 4 hardness 
(by interpolation the wear rate would become infinite 
before the 4 hardness value of stress was reached), (b) 


the linear relationship shown by the horizontal portion of — 


Burwell and Strang’s curve for carbon steel is not evident 
for the materials used in these tests. 

Because the differences noted are considered important, 
they are shown graphically in Fig. 7, which is a plot of 
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Fic. 7. Comparison of wear rate data. 


17-4 PH Stainless Steel test data superimposed on the 
curve given by Burwell and Strang for 1095 Carbon Steel. 
That the apparent critical stress, unlike the critical stress, 
is not solely a function of hardness is brought out in 
Table 2 where typical values of ACS are shown for two 
speeds opposite the corresponding hardness value for the 
slider material used. 

Although the basic form of the wear rate curve is 
determined primarily by the slider material, rubbing speed 
(Fig. 8), slider geometry (Fig. 9), and runner material 
(Fig. 10) influence its appearance. The biggest change 
noted is a shift of the knee of the curve to the left or right 





* The CoCrW-1 curves are so sweeping that one sometimes 
‘“‘reads’”’ two values, the higher one being at the increased speed 
level. It also occurs at the “‘high” stresses for low speed. 























TABLE 2 
Apparent Critical Stress 
Indentation Experimental 
Prod Brinell hardness Velocity | ACS values 
material hardness (psi) (in./min) (psi) 
17-4 PH 426 604,000 9.35 120,000 
17-4 PH 426 604,000 93.5 70,000 
440 C 547 776,000 9.35 140,000 
440 C 547 776,000 93.5 60,000* 
CoCrW-25 484 687,000 9.35 120,000 
CoCrW-25 484 687,000 93.5 70,000 
CoCrW-1 547 776,000 9.35 160,000 
CoCrW-1 547 776,000 93.5 80,000 
CoCrW-J 547 776,000 9.35 120,000 
CoCrW-J 547 776,000 93.5 90,000 
Notes: 
1. Values of hardness were measured on the Rockwell machine 
and checked on the Brinell. 


2. Indentation Hardness — 1418 x Brinell Hardness. 
3. The runner material in all cases was of equal or greater 
hardness than the slider. 


* There was difficulty in obtaining a complete test curve under 
these conditions; therefore this value is to be considered an 
estimate. 
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Fic. 8. Effect of rubbing velocity. 


along the stress axis*. For example, when the speed is 
increased the curve shifts to the left so that, at a given 
stress, the wear rate is usually greater at higher speeds, 
as shown in Fig. 8. (An exception is seen when 440C 
stainless steel is run on 440C stainless steel. Then the shift 
to the left occurs, but the value of wear rate tends to be 





* On semi-logarithmic coordinates, this shift takes the form of a 
change of intercept and slope. 
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lower. Actually, considerable difficulty was experienced in < 16 
obtaining a “‘complete” test curve at high speeds with this - 
combination). | 
With CoCrW-1 against CoCrW-3 an increase in prod 12 ic 
area shifted the entire curve to the left, as shown in Fig. 9. / 
This shift, which did not occur with any other material , 
combination, was so noticeable that a further investigation e/? 
was made which showed the wear rate to be proportional . 7 
to the applied load, hence independent of apparent area ° 
of contact (Fig. 11). Figure 12 shows the effect of prod area jer 
on wear for a slider material other than CoCrW-1. - 9 
On the occasions when a test was stopped and resumed W 
later without having removed the specimens from the x 
test chamber, the wear rate was always lower than the f°) o 
Ce) 40 80 120 160 = §=—200x105 


original rate at a corresponding stress. This indicates the 
possible formation of a contaminating film, the effect of 
which eventually became negligible (Fig. 13). Fic. 12. Typical effect of slider size. 
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Fic. 13. Effect of test interruption on wear rate. 


Wear results with entrapped wear particles 


In Phase 2 of the project, the effect of entrapped wear 
particles on the wear rate was studied using a CoCrW-3 
ring-type slider on a CoCrW-3 runner. Escape routes for 
the wear particles were formed by cutting radial slots of 
various widths in the test ring. 

The following results were noted in this testing: (See 
Table 3). 

TABLE 3 
Effect of Entrapped Wear Particles 
CoCrW-3 ON CoCrW-3 








Slider length Load Stress Wear Rate 
(in.) (Ib.) (psi) (10-in./in.) 
Full (0.10 in. wide) 713 713 0.016 
Full 2314 4200 0.090 
Full 2314 4200 0.093 
3.41 (} in. slots) 2314 4500 0.017 
3.41 (¢ in. slots) 2314 4500 0.008-0.012 
1.71 (1.10 in. slots) 1183 4500 0.002-0.004 
1.71 (1.10 in. slots) 1183 4500 0.002 
1.71 (1.10 in. slots) 2314 9000 0.037 
1.71 (1.10 in. slots) 2314 9000 0.047-0.061 
0.86 (1.53 in. slots) 754 5860 0.0026-0.005 
0.86 (1.53 in. slots) 1160 9000 0.053 
0.86 (1.53 in. slots) 2314 18000 0.526 














Note: (In each case except full slider, three sliders were used. 
Sliders are 0.050 in. wide at 34 in. dia., except where noted.) 


(1) Providing an escape route for wear particles in a 
continuous ring-type slider has the effect of greatly reducing 
the wear rate for a corresponding stress. 

(2) The smaller the distance a wear particle must travel 
before it can escape, the less the wear; however, this 
relationship is not a linear one and soon reaches a point of 
diminishing returns; thus reducing the length of the slider 
reduces wear rate, but the benefit of continued reduction 
in the length of the slider tends to become negligible. 


Friction results when using prods 


The ACS seems to affect the friction curve, being the 
approximate point at which this curve begins to level 


off (Fig. 3). At each stress level the friction coefficient was 
determined immediately upon application of the load and 
again after a steady state value was reached. For stresses 
less than the ACS the second value was sometimes equal to 
but more generally higher than the first. For stresses greater 
than the ACS, the coefficient almost immediately reached 
its final value for that load. Since the prods kept sliding 
over the same track, and the specimens were thoroughly 
cleaned before each test, it is unlikely that contaminants 
were to any degree responsible for this behavior. However, 
this is a possibility. 
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Fic. 14. Effect of test interruption on coefficient of friction. 


That contaminants may have an effect is shown in Fig. 
14; the curve from a test which was stopped and resumed 
later without removing specimens. The friction coefficient 
was lower when the test was resumed, indicating the 
possible formation of a contaminating film at the wear 
surfaces. On the occasions when the specimens were 
removed and ground, no such drop in friction occurred 
when the test was rerun in the normal manner. The 
biggest decrease in friction was associated with an increase 
in speed (Fig. 15). 
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Fic. 15. Effect of speed on coefficient of friction. 








Friction results with entrapped wear particles 


The length of slider (hence the distance a particle 
traveled before escaping) appeared to have negligible 
effect on the coefficient of friction. It is possible that the 
accumulation of entrapped wear particles caused the 
coefficient of friction to be lowered (data not shown). 
However, it was observed that friction decreased with 
slider distance traveled in constant load tests but not in 
the tests of Phase 1—at least not before the ACS was 
reached. 


Summary 
Apparent Critical Stress 


The wear-rate/stress relationship appears to be ex- 
ponential. 

At relatively high stresses, the wear rate increases 
faster than at low stresses for an equal increment of stress, 
but there is no sharp point of demarcation that could be 
termed a “critical stress”’. 

Each of the test materials can be compared on the basis 
of two wear rate factors and an “Apparent Critical Stress” 
or ACS; the ACS being defined as that nominal contact 
stress corresponding to the intersection of the straight 
lines that approximate the two portions of the wear rate 
versus stress curve which are connected by a knee when 
plotted on Cartesian coordinates; the wear rate factors 
being defined as the slope of the straight lines mentioned 
above. 

For design purposes a plot on Cartesian coordinates 
offers an effective method of picturing the wear-rate/stress 
relationship. 

The term ACS arises from the shape of the wear rate 
versus stress curves, and its use is justified as a matter of 
convenience. 


Effect of Variables on Wear Rate 


The general form of the wear rate curve, which 
determines the ACS, is usually distinctive for each slider 
material if the softer metal is used as the slider. The 
actual shape of the curve and its location relative to the 
stress axis is influenced by the factors discussed below. 

Sliding Velocity—Increasing the sliding speed results 
in a curve shift to the left so that the ACS is smaller. 

Increasing the sliding speed causes the wear rate to be 
higher for a corresponding stress. (Exceptions can occur as 
evidenced by tests with 440C Stainless Steel rubbing 
against 440C, wherein the wear rate was less for a cor- 
responding stress at the higher speed—even though the 
ACS decreased). 

Increasing the sliding speed does not cause a change of 
slope in the increased wear portion of the curves except 
when CoCrW-1 is rubbed against CoCrW-3. Here, 
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because of the wide sweeping curve which results from the 
tests at lower speed, and the inability to apply greater loads 
because the sliders wore out too soon, the higher value of 
wear factor (2000 x 10-1*in./in.—psi) does not show and the 
slope appears to change with speed (Fig. 8). 

Slider Size—For CoCrW-1 rubbing against CoCrW-3 
at constant speed, in the range of nominal contact stresses 
used in this work, increasing the diameter of the prod 
slider at the same stress level results in an increased wear 
rate directly proportional to the change in area. 

For test materials other than CoCrW-1 versus CoCrW-3 
combination, the effect of changes in slider size is usually 
small. 

Material Combinations—Changes in runner material are 
often significant; e.g., 17-4 PH Stainless Steel, which 
galled and showed an exceptionally high wear rate when 
run against itself (data not shown), did not exhibit such 
marked characteristics when run with CoCrW-3 or a 
ground chrome plate on 17-4 PH Stainless Steel. 

Similar materials run against each other do not neces- 
sarily exhibit poor wear characteristics. 


Coefficient of Friction 

The coefficient of friction for these materials ranges from 
0.25 to 0.80. The tendency is for the friction to decrease 
with increasing load until about the ACS, whereupon the 
values remain relatively constant. An increase in sliding 
speed tends to decrease the coefficient of friction. 


Effect of Wear Particles 


From the limited data available from this phase of the 
program one may conclude: 

In the presence of entrapped wear particles, the ACS 
described above exists for the 0.86 in. sliders, but it 
occurs at relatively low stresses. 

Providing an escape route for wear particles in a con- 
tinuous ring-type slider effects a reduction in wear rate. 

Reducing the length of the slider tends to cause a reduc- 
tion in wear rate, but the increasing benefit of continuing 
reduction in length of the slider soon diminishes. 
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Wear of Cobalt Base and Stainiess Materials 
in High Purity Water 


By N. B. DEWEES! 


Results of wear tests in clean water at room temperature and at 500F are presented. The 
differences in result with 0.08 in. diameter and line contact riders and with much larger riders 
are shown. The contact stress range 1s from 10 psi to 9000 psi for large contact areas and from 
3000 psi to over 100,000 psi for small contact areas. The majority of the testing is at a linear 
velocity of about 2 in. per sec. The concept of wear per unit load and per unit distance traveled 
for a unit wear area is used for converting sliding wear data from various test machines to a 
common basis for comparison. The same concept can be used for calculating from wear data the 
expected wear in a new design. The range and trend of friction values encountered in some of the 
tests is presented. 


Introduction 


Wear information for cobalt base and stainless materials 
in high purity water is applicable to the wearing surfaces 
of valves, pumps, control rods, and control rod drive 
mechanisms for pressurized water nuclear reactors. Present 
technology requires material selection of wear parts for 
maximum corrosion resistance in the demineralized water 
at temperatures from 300F to over 500F. Wearing parts 
are required to operate in the complete absence of lubrica- 
tion other than that furnished by the hot water, and 
pumps are the only components of the reactor system 
which operate at sufficient speed to use hydrodynamic 
lubrication. The types of parts with which reactor de- 
signers are concerned are threaded valve stems, valve seats, 
pivot pins, ball bearings, roller nuts, guides and splines. 
It is desirable not only to be able to select materials suitable 
for an application, but also to predict the maximum 
service wear. 

If tests are to be performed for predicting wear in 
service, the tests should approach the conditions of service 
as closely as practical. This philosophy has, over the 
past six years, led to the use of seven different wear 
machines. The range of parameters covered by these seven 
machines is from 8 psi to 300,000 psi contact stress; from 
0.15 in./sec to 4.7 in./sec velocity; from room temperature 
to 500F; from 0.06 in. dia. contacting faces to 1.0 in. square 
faces; and with various gas contents in the de-mineralized 
water. The large contact area specimens are shown in 
Fig. 1 and consist of the piston-cylinder, journal-sleeve, 
0.055 in. wide annulus, 0.5 in. x 0.125 in. prod and 1 in. 
square prod. Fig. 2 shows the small contact area specimens 
which consist of the Amsler, pendulum slide, and 0.08 in. 
dia. prod. Table 1 shows the test conditions for the various 





Presented as an American Society of Lubrication Engineers 
paper at the Lubrication Conference held in Toronto, 
October, 1957, 

1 Advisory Engineer, Westinghouse Electric Corp., Bettis 
Atomic Power Div., P.O. Box 1526, Pittsburgh 30, Penna. 

2 A similar term has been used by J. T. Burweti and C. D. 
Srranc (1). 
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machines. Table 2 shows the materials investigated, but 
not in all combinations. Table 3 gives the water chemistry 
for various tests. 


Specific wear 
The wear results from all of the test machines are 
converted to a common basis for comparison, thus: 


amount of wear product 


: [1}* 
load x distance traveled 





Specific wear = 


This is a form suitable to the research man who may 
measure the amount of wear product in grams. However, 
the engineer is usually interested primarily in predicting 
depth of wear. The amount of wear product may be 
expressed as a volume, and with appropriate units the 
expression becomes: 


depth of wear (microinches) x wear area (inches*) 


load (pounds) x million inches traveled (2] 





Specific wear = 
The numerically equivalent expression for use when the 
amount of wear produced is measured in grams becomes: 


weight of wear products (grams) x 10!* 3 
density (grams/cm") x16.4cm*/in® xload (pounds) x travel (in.) -*! 





Specific wear = 


For those familiar with the probability concept of wear 
particle formation (2), the specific wear multiplied by the 
Brinell indentation hardness (expressed in psi) x 3 x 10-1” 
is numerically equal to the probability of forming a wear 
particle. 


Test results 
A. Reproducibility 

The first concern is with reproducibility. Fig. 3 is a 
plot of the specific wear on a horizontal scale for several 
of the different conditions of operation and for different 
machines, including piston-cylinder, 0.5 in. x 0.125 in. 
prod, 1 in. square, Amsler, and 0.08 in. dia. prod. The 
plotted points are for repeat tests for the material combina- 
tion indicated. The significant observation is that the spread 
of the data for many cases is 10 to 1 or greater. For those 
cases where the spread appears to be small, one may well 
wonder if more points would not give a greater spread. 
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Fic. 1. Test specimens with large areas of contact. 
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Fic. 2. Test specimens with small areas of contact. 


Summary of the Test Machines and Test Conditions 





























Avg Fric- Method 
Test Type of Stress velocity tion of wear Test conditions 
machine Rider specimens size motion psi in. sec study meas. (demineralized water) 
. Piston Split piston—} in. | Reciprocating 8 i No Weight | 200F or 500F oxygenated or 
cylinder dia. x } in. long | § in. travel change | hydrogenated, replenished in 
later tests 
. Journal- # in. dia. journal | Rotation 10 4.7 Pe a 500F or 200F oxygenated 
sleeve 1-in. long and }$ water, replenished in later 
bearing in. long bearings tests 
. Pendulum- 0.070 in. x 0.270 | Reciprocating 1,200- 0.34 Yes ie Room temp. air saturated 
slide in. prod face 0.160 in. 5,000 water, stagnant 
parallel to 
short side 
. Amsler Normally 2 in. dia | Combined 60,000- 0.4 os me Room temp. air saturated 
x $¢ in. thick | rolling and 300,000 2.1 tap water, replenished 
discs sliding at | sliding relative 
circumference velocity 
. Franklin 3-0.080 in. dia | Rotation about| 20,000- 0.15 & ‘a Mech- | Room temp. air saturated, 
Institute prods on 3.5 in. | axis perpen- | 300,000 1.5 anical hydrogenated water circu- 
dia circle or 0.055 | dicular to prod linkage | lating, not replenished 
in. wide annulus, | faces 
3.25 in. dia 
. Armour $4 in. X 4 in. | Oscillating 300 2.0 sn Weight | Room temp. and  500F 
Research prods on 1.8 in. | about axis & 1,500 change | oxygenated water, 
Founda- dia circle (4 in. | perpendicular stagnant 
tion direction ofmotion) | to prod faces 
1in. prodtravel 
. Core 1 in. X 1 in. prods | Reciprocating 10- 0.33 No ~ 510F hydrogenated, 
Materials 70 replenished 





The original surface finish for most of the specimens was below 10 microinches, rms. 
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TABLE 2 
Materials Investigated in the Wear and Friction Program 











Hard- Nominal composition, 
ness per cent major elements 
Alloy designation Rec Co Cr WwW Ni | Mo | Cu Fe Other 
Treated Surfaces 
Chromium plate 
Nitrided type 304 ss 19 10 67 
Nitrided chromium plate 
Nitrided titanium 
Nitrided precipitation 16 4 4 74 
hardened ss 
Cermets 
Chromium carbide 
Titanium carbide 
Cobalt Base 
Co-Cr-W,1 52-57 46 31 13 3 2 2.45C 
Co-Cr-W,3 52-57 46 30 13 3 3 2.45C 
Co-Cr-W,6 40-48 56 27 5 3 2 1.25C 
Co-Cr-W,12 47-50 56 31 8 2 1.35C 
Co-Cr-W,19 50-55 52 31 10 3 1.8 C 
Co-Cr-W,J 53-60 41 32 17 3 3 aa © 
Co-Cr-W,98 58-61 38 30 18 2.0C 
Co-Cr-—Mo,21,PH 37-41 61 28 2.5 5.5 2 
Co-Cr-Mo,21,A 29-31 61 28 2.5 5.5 2 
Cobalt Base, 
Cold Worked 
Co-Cr-W,25,CW 49-54 50 20 15 10 2 
and aged 
Co-Cr-W,25,A 19 50 20 15 10 2 
Martensitic SS 
Type 410 ss,H 38-45 12 86 
Type 410 ss,A 27 12 86 
Type 440C ss,H 52-55 17 0.75 81 1C 
Type 440C ss,A 20 17 0.75 81 1C 
Precipitation 
Hardened SS 
Fe—Cr-Ni,PH 33-40 16 a 4 74 
Fe-Cr-Ni,PH 40-45 16 4 + 74 
Nickel Base Alloys 
Ni-Cr-Fe,X 15 73 7 (i) 
Ni-Cu-Al, KR 66 29 1 2.8A1 
Ni-Cu-Si,S 63 30 2 4Si 
Ni-Cu-Si,D 39-42 85 4 1 9Si 
Ni-Cr-B,6 59-60 13-25 65-75 (2) 
Ni-Mo-Fe,B 29-32 1 65 28 5 
Austenitic SS 
Type 304 ss 19 10 67 
Type 304 ss 19 10 67 
































CW = cold worked, H = hardened, A = annealed, ss = stainless steel 
(1) 1 Cb, 2.5 Ti, 0.9 Al ¢ 
(2) 2.7-4.7B 
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TABLE 3 
Typical Water Chemistries 











Dissolved Dissolved Ammonia Resis- 
Acidity Oxygen Hydrogen NH; tivity Crud 
Application pH ppm ppm ppm ohm-cm ppm 
Reactors 
Case A 6.5— 7.5 <0.1 5-20 0-2 100,000- 1 
300,000 
Case B 7-11 <0.05 >10 
Case C 9.5-10.5 20* 50 
Case D 9.5-10.5 <0.1 28-38 0-2 10,000- 1 
40,000 
Test Machines 
P-C & J-St 5.5— 7.5 = 25* 0 0 >500,000** 
P-C & J-St 5.5- 7.5 degassed = 400 0 >500,000** 
0.08 in. air 0 0 >500,000** 
dia rider saturated 
0.125 in. 0.3-3.0* 0 0 500,000 
x 0.5 in. rider 























t Piston-cylinder & Journal-sleeve; * cc/kg; ** At start of test 


TEST MACHINE & RIDER 





























SPECIFIC WEAR 
CONDITIONS DISC 3 10 30 100 300 1000 
. Tw. T T T T ; Vv uTre T ac ae T . . wee 
PISTON -CYLINDER | CHROMIUM PL. 00m 4 0D poo L 
500°F 2.5 IN/SEC. TYPE 347 SS @ e689) 0 cca 
Oo 8 PSI 
0.5 IN. X 0125 IN. Co-—Cr-W, !2 @g oO 
500°F 20 IN. /SEC. Co-Cr- W,I2 & e ee 
Op 300-1500 PSI 
LO IN. X LOIN. Co-Cr-—W,6 00 © 
5IO°F O3 IN./SEC. zr, oa 
H2 40-70 PSI 2500 
0.5 IN. X 0125 IN. Co-Cr—-W, | ° ie) 
ROOM 2. IN./SEC. Co-Cr-W,! ee 
O2 1500 PSI 
AMSLER Fe-Cr-Ni,PH oo} @ 
ROOM O04 IN./SEC. Co-Cr-W,25 co @ 
AIR 100,000 PSI 
0.08 IN. DIA. Co-Cr-W, | apo @®> aD 
ROOM 1.5 IN./SEC. Co-Cr-W,3 
AIR 20,000 PSI 
ROOM O15 IN./sec. OTe Soe tiara 
AIR 50,000 PSI asitiallies be aaeee awe ewer eaereeee 
3 10 30 100 300 1000 
NOTES: 


O2 =0.3-25 CC OF OXYGEN PER KG OF WATER 

He =5-I5 CC OF HYDROGEN PER KG OF-WATER, OXYGEN <0.I4 PPM 
AIR = AIR SATURATED WATER 

PSI = CONTACT STRESS ROOM = ROOM TEMPERATURE 


Fic. 3. Range of specific wear with repeat tests. 
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Engineers and scientists would like to be precise and 
believe that if factors were well enough controlled, there 
would be much better reproducibility. This is very likely 
true, and time may tell what these conditions are that 
must be so well controlled and whether or not they can be 
controlled in service. In the meantime, an evaluation of the 
spread in data is in order. The values of specific wear 
observed in all of the tests performed has ranged from 
under 1 to over 25,000. The values reported herein for the 
better materials, go up to 3000. With such a wide total 
range, there is justification for material comparisons even 
with 10 to 1 variations in repeat tests. 


B. Classes of Materials 


Where a large variation exists, a very large number 
of repeat tests is required to make comparisons. If the 32 
materials tested were each tested two at a time in all 
material combinations and without repeats, there would 
be 1024 tests. This is without variations of test conditions. 
With repeats, the effort to compare individual materials 
becomes prohibitive. It was found that these materials 


RIDER —= OPISTON 
DISC ——> @CYLINDER 


SPECIFIC WEAR—=3 10 


4 SLEEVE 
4 JOURNAL 


could very satisfactorily be grouped in eight classes as 
indicated in the headings for Table 2. The corresponding 
number of class combinations then is 64 and repeat tests 
become feasible. Figure 4 is a representative plot of the 
test data for the piston-cylinder, journal-sleeve, and 
0.5 x 0.125 in. specimens on a class of materials basis. 
This figure plus 12 similar figures for other materials 
class combinations form in part the basis for the conclusions 
of this report. The figure is for the Cobalt Base class of 
riders operating against the individual disc materials on the 
left-hand side. The open symbols are for the wear of the 
Cobalt Base-type rider when worn against the disc opposite 
the symbol. The solid symbols are for the disc wear. 
Note in the Cobalt Base class of discs that the maximum 
rider wear (open symbols) for four different disc materials 
is about the same. One may suspect that more tests with 
the remaining Cobalt Base discs might have shown equally 
high values. Also note for the Co-Cr-W,6 discs and the 
chromium plated discs the intermingling of the three 
types of symbols representing a stress range from 8 psi to 
1500 psi. Similar observations for the plots of the other 
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@ 2.0 IN. DIA FLAT 


30 100___ 300 1000 
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30 100 300 1000 


Fic. 4. Representative plot of data. The specific wear of material 
combinations involving large area, stellite riders in 500F, oxy- 
genated, demineralized water. 
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classes of riders, not shown here, justify the grouping of the 
materials by classes. 


C. Presentation of Data 


A simple method of presentation is needed for the 
large mass of data in Fig. 4 and the similar figures not 
shown. Average specific wear values would be of interest 
in some design problems, but maximum wear values are of 
greater interest in pressurized water reactor technology. 
As a tentative approach, maximum specific wear values are 
assigned by inspection of the various materials classes. 
Where there are many points such as for Cobalt Base on 
Cobalt Base or Cobalt Base on Treated Surfaces (Fig. 4) 
the value assigned is only slightly above the highest 
measured value. Where there are fewer points, such as for 
Martensitic discs, the assigned value should probably be 
appreciably higher than the highest plotted point in order 
to be sure that subsequent tests would not give higher 
values than that chosen as the maximum. Table 4 shows the 


TABLE 4 
Comparison of Statistical and Assigned Values 





No. | Non-parametric statis- 





of tical statement Assigned 

Disc class tests 90% confidence value 

Treated surfaces 31 93% of the values 1000 
will lie below 980 

Cobalt base 29 92% of the values 800 
will lie below 630 

Precipitation 11 81% of the values 800 
hardened stainless will lie below 760 

Martensitic stainless 7 72% of the values 800 


will lie below 460 
97% of the values —_ 
will lie below 980 


All of the above 78 
treated as 1 class 














assigned values for the 4 materials classes discussed here. 
As a check, these same 4 materials classes from Fig. 4 
were subjected to statistical investigation. The specific 
wear of the Cobalt Base riders rubbing against Treated 
Surfaces, Cobalt Base, Martensitic Stainless and Precipita- 
tion Hardened stainless do not clearly follow either a 
normal distribution or a log normal distribution. When 
log normal distribution is assumed, no difference can be 
proven between the averages or the variances of the four 
classes. When the 4 materials classes are treated as one, 
there is 90% confidence that the specific wear from 95% 
of all of the riders will fall below 1026. (Compare with the 
maximum assigned value of 1000 in Table 4). Because of the 
uncertainty about the type of distribution, tolerance limits 
are statistically determined with no assumption made as to 
the distribution. The results are given in Table 4, which 
shows with 90% confidence that 93% of the specific wear 
values for Cobalt Base riders against the Treated Surface 
class will fall below 980 and 92% against the Cobalt Base 
disc class will fall below 630. The remaining two examples 
have fewer points and hence less strength in the conclusions. 
Results from the non-parametric analysis are compared 


with the inspection analysis in Table 4. This comparison 
suggests that the two probably lead to adequately similar 
results. 

The inspection method is used in assigning specific 
wear values in the preparation of Table 5 from 13 pages 
of data similar to Fig. 4. The rider class is shown at the 
top of the table and the disc class is shown at the left-hand 
side. The figures at the intersection of rider columns and 
disc rows give the maximum or estimated maximum 
specific wear for various situations. The upper set of 
figures at each column-row intersection is for 500F and 
the lower set is for room temperature operation. The left- 
hand pair is for the rider and the right-hand pair is for the 
disc. Those values which are supported by sufficient data 
to be fully reliable are in boldface type. The remaining 
values are based upon fewer data but are believed to be 
conservative. The table is based on data in the 8 psi to 
1500 psi contact stress range and is for larger area contacts 
in oxygenated, demineralized water. Only materials in the 
hardened condition are listed where the hardness is 
dependent upon treatment. 


D. Effect of Variations 


The wear of annealed riders may be studied in Fig. 5 
for some journal-sleeve and 0.5 in. x 0.125 in. specimens. 
The wear of combinations using annealed riders are 
marked with an “A”. The wear rate points for the annealed 
materials is seen to be intermingled with the hardened 
materials of the same class. It has been found in component 
tests that annealed Co-Cr-W,25 also wears essentially the 
same as fully hardened materials. Some soft riders such as 
type 304 ss, Ni-Cr-Fe,X, and annealed Co-Cr-W,25 have 
performed well against hard discs on the pendulum 
slide machine. It is concluded that where one of the 
materials in a combination is fully hardened, the mating 
material may be fully annealed with no change in the 
specific wear values unless the design is such as to permit 
plowing of the soft material by a hard rider. Combinations 
to be avoided are those with both materials soft or both 
materials in the medium hardness range. 

The effect of low dissolved oxygen with high hydrogen 
content is needed for application to pressurized water 
environments as listed in Table 3. The limited data available 
are for piston-cylinder specimens and are shown in Fig. 6. 
If the maximum specific wear for rider and disc for each 
material combination is compared with the tabulated 
values of Table 5, it will be seen that 15 of the 28 values in 
hydrogenated water lie between 10% and 30% of the 
corresponding value for oxygenated water. One value, for 
chromium plated riders on Precipitation Hardened stainless, 
is higher in hydrogenated water and the remaining 12 
values are less than 10% of the corresponding value in 
oxygenated water. If there were repeat tests, there would 
certainly be many values higher than those recorded. 
However, the fact that 27 of the 28 data points in the 
hydrogenated water are 30% or less than the tabulated 
values for oxygenated water may justify the tentative 
conclusion that hydrogenated water, with the accompanying 
low oxygen content, gives less wear. This would be in 
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TABLE 5 ; 
Summary of Maximum Specific Wear Values for Large* Contacts in Room Temperature and. 500F 
Oxygenated, Demineralized Water. 


Explanation: The maximum or estimated maximum specific wear values for a material combination are given at the 
intersection of the column for the rider class and the row for the disc class. The upper figure in each case is for 500F 
and the bottom figure is for room temperature. Those values which are supported by sufficient test data to be fully 
reliable are in bold face type. The remaining values are based upon fewer data but are the best available figures and are 
believed to be conservative. Values for small contacts (0.08 in.) are lower in certain cases according to limited data. 
However, conservative practice in the absence of more data requires that small contacts be treated the same as large 
contacts and values read from Table 5. Where a material is available either hardened or annealed, only the hardened 
material is listed. Where one of the materials in a combination is fully hardened, the mating material may be fully 
annealed with no change in the specific wear values unless the design is such as to permit plowing of the soft material by a 
hard rider. Combinations to be avoided are those with both materials soft or both materials in the medium hardness 
range. The velocity range of the data for the table is from 2 in./sec to 4.7 in./sec. The data are expected to apply to both 


higher and lower velocities within limits. 








Rider Class 
Cobalt Base | Marten- Precipita- Nickel Aus- 
CW & Aged | sitic ss H tion H, ss Base H tenitic 





Rider | Disc |Rider| Disc} Rider | Disc | Rider] Disc | Rider | Disc 





Treated Cobalt 
Surfaces Cermets Base 
Temp 
Disc Class °F |Rider| Disc | Rider} Disc | Rider | Disc 
Treated 500 | 400 | 300); 1000; 100 | 1000/ 60 
Surfaces Room| 400 | 300; — “= 1000 |} 60 
Cermets 500 | 600 200; — — 1500 | 1500 
Room | 600 200 — a a= — 
Cobalt 500; 50; 800; — -- 800 | 800 
Base Room} 50}; 800} — — 160 | 160 
Cobalt Base 500 | — a os — 800 800 
CW and Aged |Room| — — — a 160 160 
Martensitic 500 | — —_— — — 800 | 3800 
ss Hardened Room| — — — — 160 160 
Precipitation 500} 50] 800; — — 800 | 1500 
Hardened Room| — — ae — 160 | 1500 
Nickel Base 500 | 100 | 1000 | — — 500 | 1000 
Hardened Room| — — _— — — —_— 
Austenitic 500 | 50; 1000; — — 800 | 1500 
Room| — i — _ — — 








_ — | 300] 60] 1500} 100] 1500; 150 1500 | 150 
— — | 300; 60); 1500; 100; — — _ 


800 | 800 | 800 | 800 | 2000} 800| 1000} 500; — | — 
— | — | 160] 160] 600] 160) — 
wmismeel—i|—|— | — | — 
St et mm be fe | ee Fe 
— | <-~ POI? ~~ t F.~ 


ww oe) ae Be ee 


















































CW = cold worked, H = hardened. * 0.5 in. or more in the direction of travel. 
Depth of wear (micro-in) x wear area (in*) _ volume of wear product (in*) x 10% 





Specific Wear = = 


load (Ib) x travel (in million in.) 


keeping with control rod drive experience in successive 
changes from oxygenated to hydrogenated water (with 
low oxygen). The required driving torque usually decreased 
in the hydrogenated water. It should be pointed out that 
for many of the material combinations, the best performance 
in oxygenated water is occasionally superior to, and 
frequently overlaps, the worst performance in hydro- 
genated water. If more repeat tests were available, this 
might be true for all materials combinations tested. 

The discussion for Table 5 and the table itself is for 
large area riders (0.5.in. or more in the direction of motion). 
A sample of the data for 0.08 in. diameter riders in room 
temperature, air saturated, demineralized water is shown 
by the open circles on the right-hand side of Fig. 7 for 
Cobalt Base materials. The contact stress is plotted as 
abscissa and the specific wear as ordinate. It is at once 
apparent that the specific wear for the small contacts is 


load (lb) x travel (in.) 


stress dependent in the range of stresses tested. Un- 
fortunately, the test range does not overlap the 8 psi to 
1500 psi range of the large area contacts. Comparison 
can be made between the small area contacts at 3000 psi 
contact stress and the large contacts at 1500 psi, both at 
room temperature. It is seen that for this example, the 
maximum specific wear for the small area contacts is less 
than the maximum for the large area by a ratio of 45 to 1. 
Other material combinations and test conditions are avail- 
able for small contacts, but the minimum stress in all 
other cases is 20,000 psi. Many of the curves with small 
contacts fall in the same general pattern above 20,000 psi 
but others, especially at 0.15 in./sec, show signs of leveling 
off at values not much different from the range for the large 
contacts at room temperature. Therefore, general statements 
of performance for small contacts cannot be made at this 
time, but the possibilities are intriguing. 
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TEST MACHINE & 
CONDITIONS 





SLEEVE - JOURNAL 
500°F 47 IN/SEC 
Op 10 PSI 


SLEEVE - JOURNAL 
500°F 47 IN/SEC 
O2 10 PSI 


SLEEVE - JOURNAL 
500°F 47 IN./SEC. 
O2 10 PSI 


05 IN. X 0125 IN 
ROOM 2.0 IN./SEC 
O2 300-1500 PSI 


05 IN. X 0.125 IN 
ROOM 20 IN./SEC 
O2 300-1500 PSI 


05 IN. X 0.125 IN. 
ROOM 20 IN./SEC. 
02 300-1500 PSI 


NOTES: O2 = OXYGENATED 


























PSI= CONTACT STRESS 


RIDER —» ASLEEVE 
DISC —» AJOURNAL 
RIDER —> 00125 IN. X 050 IN. 
DISC —> 820 IN DIA FLAT 


DISC 


TITANIUM CARBIDE 
Co-Cr-W 


o-Gr-W 2, CW 
e-Cr-Ni,PH 
Ni-Gu-Si,D 


CHROMIUM PLATE 
Co-Cr-W,3 

Co- Gr—-W’ 25 CW 
Fe-Gr- Ni,PH 
NICKEL BASE 


CHROMIUM PLATE 
Co-Cr-W, 3 


CHROMIUM PLATE 
Co-Cr-W 


CHROMIUM PLATE 
Co-Cr- W,3 
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| 30 100 300 1000 
WATER 
z} OFF SCALE 
OA RIDER IS ANNEALED 
AA Co-Cr-Mo, 21 
DA RIDER IS ANNEALED 
BA TYPE 410 SS 
Fic. 5. The effect of annealing upon rider wear. 
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Fic. 6. The specific wear of materials combinations for large areas in 500F, hydrogenated, demineralized water. 
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. . 
Discussion 


Some deductions as to reasons for the improved per- 
formance of the small contacts are possible. First, observe 
the remaining data in Fig. 7. The 500F large area contacts 
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CONTACT STRESS, PSI 


RIDER SIZE AND SHAPE MATERIAL COMBINATION 
© 0.08 IN. DIA FLAT Co-Cr-W,!1 ON Co-Cr-W,3 
* 35 IN DIA. X 0055 IN WIDE ANNULUS Co-Cr-W,! ON Co-Cr-W,3 
- 05 IN LONG X 0.125 IN WIDE FLAT Co-Cr-W,! ON Co-Cr- W, 
© 05 IN LONG X 075 IW DIA PISTON Co-Cr-W,! ON Co-Cr- W, 
a 0.75 IN DIA. X O5 IN LONG JOURNAL Co-Cr-W,! ON Co-Cr-W, 


Fic. 7. Rider specific wear variation with stress for large and small 
riders. 


at 1500 psi are properly higher than the room temperature 
tests, but the 500F large area contacts at 10 psi (or 8 psi) 
are higher still. It had been concluded in making Table 5 
that the maximum specific wear for large areas was in- 
dependent of stress between 8 psi and 1500 psi. Inspection 
of the legend shows that the 10 psi data are made up of 
piston-cylinder and journal-sleeve tests while the 1500 
psi data are all obtained from riders 0.5 in. long in the 
direction of motion and 0.125 in. wide. The vertical line 
symbols are for specimens only 0.055 in. wide, and the 
maximum wear is still less than for the 0.125 in. wide 
specimens. It is now postulated that a portion of the 
wear is from abrasion by wear particles previously produced. 
The concentration of such wear particles would be greater 
at the trailing edge of the rider; and the greater the rider 
dimension in the direction of motion, the greater will be 
the total number of wear particles per unit rider area. 
Thus, longer wear areas would tend to wear more rapidly 
for the same contact stress. If there may be wear particle 
escape out the sides of the rider contact, then a narrow 
rider would lose proportionally more wear particles than a 
wide rider and narrow contacts would wear less as in Fig. 7 


for the 0.125 in. and 0.055 in. wide riders. On this basis, 
the proportional increase in adhesive wear particles with 
rising contact stress would cause still further increase in 
wear from abrasion. This would explain the rising stress 
for the small contacts of Fig. 7, but would also lead one to 
expect a lower specific wear at 10 psi than at 1500 psi in the 
large area contacts. Perhaps there is some limiting condition 
of stress, size, or wear particle concentration which 
influences the mechanism of wear. 

Before leaving the subject of wear, an example of 
correlation with service experience should be given. 
The torque restraint on a Precipitation Hardened stainless 
shaft having axial movement consists of two stationary 
Co-Cr-W,3 keys which engage two axial keyways on 
opposite sides of the shaft. At an inspection period, the 
total travel of the shaft was 600,000 in. under a 32 lb load 
at each key. The contacting key area is 1.5 in. x 0.105 in. 
(0.158 in.*). Operation had been in 500F water with gas 
content variable between hydrogen and oxygen. From 
Table 5 find 800 as the maximum specific wear for Cobalt 
Base riders against Precipitation Hardened stainless discs in 
500F oxygenated water. By rearranging Equation [2] 
above, 


800 x 32 x 0.6 


Maximum depth of wear = 0.158 


= 97,400 microinches = 0.1 in. 


The measured depth of wear at the inspection period was 
found to be 0.053 in. This is half of the calculated wear and 
is reasonable since the calculated wear is for the maximum 
expectation with a large number of tests. 


Summary 


1. The wear of materials under sliding conditions in 
test machines and in service can be reduced to a 
common basis for numerical comparison. The basis 
used herein is the specific wear, or the depth of wear 
in microinches for 1 Ib load acting on one square 
inch of wear area for one million inches of travel. 

2. The range of specific wear values for repeat tests 
in initially demineralized water with large (0.5 in.) 
areas of contact and with specimens of commercial 
material quality may be as high as 10 to 1. 

3. Maximum specific wear values as determined by 
test may be used to calculate the maximum wear 
expected in service. Table 5 lists maximum values 
or expected maxima for large areas of contact 
(0.5 in.) with various material combinations. 

4. The maximum specific wear for the large (0.5 in.) 
contacts tested is independent of stress between 
8 psi and 1500 psi in 500F oxygenated, demineralized 
water in the speed range from 2 in./sec to 5 in./sec. 
The results are expected to apply to both higher and 
lower speed. The independence from stress probably 
applies also to room temperature wear. 

5. The specific wear for small contacts (0.08 in. 
diameter) in many cases increases rapidly above 
20,000 psi contact stress in room temperature 
water. In a limited range of test variables, small 
contacts have shown greatly improved wear rates 





328 


10. 





N. B. DEWwEES 


over large contacts at the same stress level. The 
present data does not permit a generalization on 
improved wear of small contacts. 

The abrasive component of wear must be a significant 
factor in rubbing wear for the materials and 
environments of this report. Conditions, such as 
large contact area, which promote trapping of a 
greater portion of the wear particles produce higher 
wear rates. 

For many of the materials tested, the maximum 
specific wear at 500F for the large (0.5 in.) contacts 
is about 5 times the maximum specific wear at 
room temperature in oxygenated, demineralized 
water. 

When one material of a combination is fully 
hardened, the mating material may be fully hardened 
or fully annealed with no change in the specific 
wear values unless the design is such as to permit 
plowing of the soft material by a hard rider. 
Combinations to be avoided are those with both 
materials soft or both materials in the medium 
hardness range. 

In 500F, hydrogenated water with low oxygen 
content, 27 out of 28 maximum specific wear values 
for large specimens were 30% or less of the maximum 
specific wear for the same material combinations in 
oxygenated water. There were few repeat tests, 
but the limited data is in agreement with the 
component experience that hydrogenated water with 
low oxygen content is beneficial. 

For the sake of completeness, it is reported that for 
the material classes operating in clean water and 
with clean surfaces, the coefficient of friction will 
generally fall between 0.2 and 0.80, with an occasional 
chance of reaching 1.00 and a very rare chance of 
reaching 1.3 (with contact stresses over 20,000 (3)). 
This applies to room temperature water with 
dissolved air or oxygen and to 500F water with 
dissolved oxygen. (Hot water chemistry other than 
oxygenated has not been used in these tests). 
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Cam and Tappet Lubrication 
lll — Radioactive Study of Phosphorus in the EP Film 


By E. H. LOESER’, R. C. WIQUIST? and S. B. TWISS* 


A radioactive tracer, phosphorus-32 synthesized into zinc dialkyl dithiophosphate molecules, 
was used to study the EP films formed by this motor oil additive on cast tron cams and tappets. 
The tightly bound films, which contain phosphorus and zinc, formed rapidly and then 
approached steady-state values in static and dynamic tests. The amount of film increased with 
oil temperature (200 to 300F) and with available surface area. Dynamic test conditions greatly 
increased the amount of film formed, indicating the marked effect of surface temperature, 
pressure or wear. The film is maintained on parts run in additive oil; moreover, the film was 
not easily worn off in non-additive oil. The chemical and physical properties of the films 
appeared to vary with the conditions of film formation. Radioactive counting was used to 
determime the film on tappets and the thermal stability of the compounded oil. Autoradiographs 
showed the concentration and distribution of the film on cams and tappets. 


Introduction 


EXTREME pressure additives, such as zinc dialkyl dithio- 
phosphate, have been used for some time in motor oils to 
protect cams and tappets from the excessive wear caused by 
scuffing. Earlier work (1), (2) has shown that a run-in 
increased the contact area of mating cam and tappet surfaces. 
The resultant decrease in unit loading was a factor in the 
prevention of scuffing. It was shown also that this additive 
moderately increased the initial smooth wear of the cams 
and tappets and thus provided a rapid run-in before 
scuffing could occur. 

In addition to this run-in effect, it is probable that a 
low-shear strength EP film, formed by the additive on the 
metal surfaces, also plays an important role in scuff 
prevention. Very little is known about films formed by 
motor oil additives. Furey and Kune (3), using zinc 
dialkyl dithiophosphate containing radioactive zinc in 
static immersion tests, showed that a chemically reacted 
film was formed on steel. However, they found no correla- 
tion between the quantity of zinc retained by steel and 
tappet wear. They concluded that the zinc part of the 
additive was not important in regard to wear reduction. 

Radioactive tracers in oil additives are valuable tools for 
analyzing EP films and determining their mechanism of 
formation and removal under engine operating conditions. 
The object of this paper is to report the results of a study 
in which radioactive phosphorus was used to investigate the 
film formed, under static and dynamic conditions, by zinc 
dialkyl dithiophosphate on cast iron cam and tappet 
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surfaces. A second phase of this study, concerned with 
radioactive sulfur as a tracer, is in progress. 


Apparatus and procedures 
Apparatus 


The static tests were carried out in a bank of 150 cc 
test tubes immersed in high temperature oil baths 
maintained at 200, 250 and 300 F. The temperature of these 
baths was controlled to + 5 F. 

The Tappet Tester described in (1) was used to study 
film formation under dynamic conditions. 


Test Specimens 


The test pieces for both the static and dynamic runs 
were of standard tapered camshafts and spherical-faced 
tappets used in V-8 automotive engines. Small sections, 
approximately 7% x ~ x } in., of the flattest portion of 
the cam and tappet sections cut } in. away and parallel to 
the tappet face, were used in the static tests. The properties 
of the cam and tappet sections are listed in Table 1. 
Phosphate-coated tappets refer to tappets which had 
their faces treated by a commercial manganese phosphate 
process to give a lubricating and wear resistant surface. 
The used phosphate-coated tappet had been previously 
run in the Tappet Tester using a non-additive oil. Cam- 
shafts for the dynamic tests were cut off behind the second 
bearing so that the first four cams remained for the test. 
Untreated tappets (ground finish of 17 to 24 microin. rms) 
were used in positions 1 and 2 of the tester and phosphate- 
coated tappets (roughness of 20 to 30 microin. rms) were 
used in positions 3 and 4. 

The zinc dialkyl dithiophosphate additive (Z) was 
comparable to that used in earlier studies (1), (2), except 
that it contained the radioactive isotope, phosphorus-32. 
Phosphorus pentasulfide, which contained P®2, was used 
in the synthesis of Z. The phosphorus pentasulfide was 
prepared by heating stoichiometric quantities of sulfur 
and red phosphorus (a known portion of which had been 
irradiated in the Oak Ridge pile) in an inert atmosphere. 
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TABLE 1 
Properties of Cam and Tappet Sections 
Hardness, Surface Surf. rough., 
Specimen Metallurgy R. treatment microin., rms 
Tappet Hardenable Alloy 61 Phosphate 20-30 — 
Iron MS 3288* coated 
Cam Chill Cast Iron 49 Untreated 10 
Alloy MS 891* 
Tappet Hardenable Alloy 61 Phosphate coated, 5 
Iron MS 3288* partially removed 
by running 
Tappet Hardenable Alloy 61 Untreated + 
Iron MS 3288* r 
* Authors’ company specification number. 
One wt.% of the additive concentrate Z was blended with a g oT pone T T T 
refined petroleum oil (A) of SAE 10 viscosity. This blend, 3 SF Paes 
which had a radioactivity of 0.24 microcuries per gram of ie ‘, ' ' 

° e . e ra & 6or | \ \ a 
oil, was used in all static and dynamic runs. An experimental > \ \ 
investigation of the thermal stability of this oil is described . 1 : \ 
in the section on radioactive tracer measurements. = «lt \ \. mh a 

rs 325°F * es 
. . e > 275°F. 
Radioactive Tracer Measurements 2 300°F. 
= a ad 
The beta rays of the phosphorus—32 were detected by a & " 
thin mica end window Geiger tube and a scaler. The tube Z 
was surrounded by a two-inch lead shield fitted with sliding, 8 0 Bide eee eee 1 
self-centering sample holders designed to keep the distance ? ‘ : 8 - rv oo. 
between the face of the Geiger tube and the face of the 5 ne re 
1 1 = Fic. 1. Thermal stability of radioactive oil additive (zinc dialkyl 
sample constant (approximately 0.1 in.). The tappets dithiophosphate). 


were shielded by an aluminum cap during counting, which 
reduced stray radiation from the sides and top rim of the 
tappet. The cam sections, as well as the oil analysis samples, 
were centered on aluminum planchets and counted. 

In most determinations, the counting rates were found by 
measuring the time required for 4096 counts. The back- 
ground counting rate (of the order of 20 counts per min.) 
was subtracted and a decay correction for the 14.3 day half 
life of P? was made. 

The calibration necessary to relate observed counting 
rate to grams of phosphorus was accomplished by gravi- 
metric methods. Tappet surfaces were used in the prepara- 
tion of the calibrating samples to avoid the need of a 
back-scattering correction. A known quantity of calibrating 
solution, prepared by dissolving tagged phosphorus 
pentasulfide in aqueous sodium hydroxide, was spread 
uniformly on the tappet faces. The solvent was slowly 
evaporated and then the calibrating samples were counted. 

During a preliminary static test at 300 F, the additive 
separated from the oil after heating for a few hours and 
formed an orange-colored precipitated layer. The radio- 
activity was found to be concentrated in this layer. A 
series of tests were conducted to investigate the stability 
of this compounded oil. Samples of oil heated at 275, 300 
and 325 F were periodically sampled by counting weighed 
drops of oil taken from the surface of the oil. Fig. 1 shows 
that the additive separated in 22 hr, 4 hr and 1 hr at 


temperatures of 275, 300 and 325 F, respectively. These 
points lay on a straight line when separation temperature 
was plotted against time on log-log paper. If extrapolation 
of this line to lower temperatures is valid, the static tests 
at 250 and 200 F were run with a homogeneous oil. Spot 
tests confirmed this. Since the additive separated out in 
4 hr at 300 F, the oil blend used in the static tests at this 
temperature was changed every two hours. The effect of 
temperature-time on additive separation may be altered 
by the presence of other additives in the oil and by metal 
surfaces which the oil contacts. 

Autoradiographs of the cam and tappet surfaces, used in 
dynamic Runs A and B, furnished information about the 
amount and distribution of P* on these surfaces. Strips of 
Type K X-ray film were wrapped around the cam surface, 
backed by paper, and tightly held in place by rubber bands. 
A four-day exposure was used for both sets of cams, whereas 
only a one-day exposure was used for the tappets. All 
exposures were made within a short period (one week) 
so that semi-quantitative comparisons of the autoradio- 
graphs can be made. 


Results and discussion 
Static Tests 

The test tubes, each containing 25 cc of the tagged oil 
and a test specimen, were immersed in the constant 
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temperature bath well below the level of the oil in the 
test tubes. After specified time intervals the individual test 
pieces were removed from the oil and rinsed in 150 cc of 
cold benzene. Each test piece was transferred to 200 cc of 
fresh, boiling benzene and washed thoroughly for 10 
minutes. The cam and tappet faces were then counted. The 
oil samples of the 200 and 250 F tests were used throughout 
the runs, while in the 300 F run, the test pieces were 
placed in fresh heated oil every two hours. 

The radioactive tracer measurements showed that a 
phosphorus-containing film was formed on cast iron 
surfaces when the metal was immersed in an oil which 
contained additive Z. See Fig. 2 and 3. This was a tightly 
bound film since it was not removed by the hot benzene 
wash. Several of the test pieces, after being washed in 
benzene, were subjected to extraction with benzene and 
acetone and to a 24-hr evacuation. There was no ap- 
preciable loss of radioactivity, indicating that the phosphorus 
was chemically bound. 

The 200 F static immersion results for various test 
pieces (see Table 1) are shown in Fig. 2 by a series of curves, 
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Fic. 2. Rate of film formation as a function of surface treatment, 

Static immersion, 200 F. A — phosphate-coated tappet, B — cam 

section, C — used phosphate-coated tappet, and D — untreated 
tappet. 


in which the weight of bound phosphorus per unit geo- 
metric area was plotted against the immersion time. 
The curves are typical of the 250 and 300 F isotherms. 
The largest amount of film was found on the phosphated 
surface and appeared to be related to the true surface 
area rather than to interaction of the phosphate coating 
with the additive. Further work will be required to 
definitely establish the effect of phosphating surface 
pretreatment on the formation of EP films. 

In Fig. 3, the effect of temperature on the film formation 
is shown for phosphate-coated tappets. The isotherms at 
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Fic. 3. Effect of temperature on film formation with phosphate- 
coated tappets. Static immersion. I, 95% confidence interval. 
Broken line — oil changed every 2 hr. 


200, 250 and 300 F for the other metal surfaces had the 
same general shape. The spread indicated in Fig. 3 is the 
95% confidence interval found from counting statistics, 
and is representative of all the static test results. 

Initially, the film was formed rapidly and then the 
rate of formation decreased until a steady-state was 
approached. Comparison of the isotherms showed that the 
“steady-state” value (amount of bound phosphorus) at 
250 F was three times that at 200 F. A comparison made for 
equal immersion time showed that the amount of film 
formation at 300 F was much larger than at 250 F. The 
increase in the amount of film formed with elevation of 
temperature observed in these experiments is characteristic 
of chemisorption. 

X-ray spectroscopy was used to determine, quantitatively, 
the amount of bound zinc on the tappet sections from the 
static tests at 200, 250 and 300 F. The XRD-3S X-ray 
spectrometer, in this application, employed an AEG—50 
tungsten target irradiating tube, a lithium fluoride reflecting 
analyzing crystal and an argon-filled proportional counter. 
The counting rate of the zinc Ka radiation, above back- 
ground, was converted to micrograms of zinc per square 
centimeter of tappet surface. Calibration samples were made 
by evaporation of standard zinc acetate solutions on new 
tappet surfaces. The error in the determinations was less 
than 0.1 microgram of zinc. 
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The amount of bound zinc on the tappet faces, 
determined with the X-ray spectrometer, was converted 
to gram atoms per square centimeter. The values for the 
bound zinc on the various test pieces were plotted in 
Fig. 4 against the bound phosphorus values for the cor- 
responding tappets. This figure shows that different but 
apparently well-defined phosphorus-zinc ratios existed at 
each temperature. This ratio at 200 and 250 F was ap- 
proximately the same (0.60), whereas at 300 F it was 2.35. 
This indicates that the chemical structure of the film 
formed at 300 F was different from those formed at lower 
temperatures. 

In Fig. 5, the average amount of bound zinc and 
phosphorus in gram atoms per square centimeter of these 
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Fic. 4. Relationship between bound phosphorus and zinc in 
tappet film. Static immersion. 
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Fic. 5. Effect of temperature on average amount of bound zinc 
or phosphorus in tappet film. Static immersion. 


tappets was plotted as a function of the static immersion 
temperature. This graph shows that the zinc in the film 
increased with temperature at a moderate, linear rate. 
The phosphorus increased at a moderate rate between 
200 and 250 F, but at a rapid rate between 250 and 300 F. 
There were 67% more zinc than phosphorus atoms in the 
film at 250 F, but at 300 F there were 57% less zinc than 
phosphorus atoms. The increase in the number of bound 
phosphorus atoms in the film implies that an accelerated 
iron-phosphorus reaction had begun between 250 and 
300 F. 


Dynamic Tests 

Run A.—Two untreated tappets (positions 1 and 2) 
and two phosphate-coated tappets (positions 3 and 4) 
were run in the Tappet Tester at 1750 rpm in 1.9 quarts 
of the radioactive oil using a 225-lb spring load for a total 
of 130 hr. The run was continued for 19 hr with a spring 
load of 320 lb, and completed by running an additional 
21 hr with a spring load of 415 Ib. The tester was stopped 
at specified intervals, the tappets removed, rinsed as in the 
static tests, and counted. 

Fig. 6 shows the camshaft and tappets after the com- 
pletion of this run. Note that the original grinding marks 





Fic. 6. Cam and tappets run at high speed and load (1750 rpm, 
225-415 Ib, 200 F). 
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of the untreated tappets, 1A and 2A, and the phosphate 
coating on tappets, 3A and 4A, were worn off except for 
the rim on the edge which does not contact the cam. 
Also the cams showed considerable wear, e.g., the wear 
pattern extended across the entire width of cam nose, 1A. 

In Fig. 7, the formation of bound phosphorus film on 
each of the tappets in the four test positions is shown as a 
function of dynamic test duration. After 130 hr of operation, 
a steady-state condition has been nearly attained. A 
comparison of the amount of bound phosphorus in the 
dynamic test at an oil temperature of 200 F with the static 
200 F test (see Fig. 2) showed approximately a 100-fold 
increase, indicating that surface temperature, pressure or 
wear have marked effects on film formation. This effect 
was shown also in the later stages of Run A where the 
increase of load to 320 and 415 lb caused an increase in 
film formation. 
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Fic. 7. Tappet film formation in dynamic test, showing effect of 
load. Solid line — phosphate-coated tappets. Broken line — un- 
treated tappets. (1750 rpm, 200 F). 


The heavier film concentration on the phosphate-coated 
tappets (in positions 3 and 4) may be due to a surface area 
effect. During the phosphating process, the metal surface 
is roughened due to formation of crystalline deposits, 
creating a larger net surface area. This increased area 
resulted in a greater concentration of radioactive atoms 
per unit geometric area than in the case of the smoother 
untreated surfaces. 

In all the dynamic runs with an additive vil, the measured 
amount of bound phosphorus was the net amount which 
remained after two simultaneous processes. They are: 
film formation due to chemical reactions and film removal 
due to the rubbing of the mating surfaces. The latter 
process, since it exposed nascent metal surface, leads to a 
continuation of this film formation process. 

Autoradiographs in Fig. 11 show the largest amount of 
film was on the cam noses, the very dense areas which 
extend across the entire cam width, where the highest 
pressures were exerted. The less dense, long tails in the 
horizontal direction of the cam autoradiographs on either 
side of the cam nose represent the film around the cam 
flat. The autoradiographs reproduce the wear paths on the 


mating parts and indicate the variation of contact pressure 
along these paths. 

Run B.—Two untreated and two phosphate-coated 
tappets (at the same positions in the tester as in Run A) 
were run at a speed of 910 rpm and a spring load of 95 Ib 
for 21 hr. Then, instead of increasing the spring load, the 
radioactive oil was drained, the tester was flushed three 
times with kerosene and then filled with non-additive oil 
(base oil A). The run was continued for 2.5 hr with a spring 
load of 95 Ib. 

The camshaft and tappets after the completion of this 
run are shown in Fig. 8. The presence of the original 
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Fic. 8. Cam and tappets run at low speed and load (910 rpm, 
95 lb, 200 F). 


grinding marks on tappets 1B and 2B and the narrow wear 
pattern of the nose of cam 1B indicated that wear was 
much less than found in Run A. The results in Fig. 9 
showed that the amount of bound phosphorus on the 
tappet surfaces was approximately half that found for the 
high speed and load test (A). The “steady-state” value 
was approximately 40 times that of the 200 F static test, 
again indicating the importance of the dynamic test in the 
study of EP film formation. The distribution and concentra- 
tion of the film on the cam surfaces are shown in the 
autoradiographs of Fig. 12. They indicate a smaller contact 
area and a thinner film than was found on the cams of the 
high speed, high load run (A). 
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Run C.—This run duplicated Run A for 130 hr. Then, 
instead of increasing the spring load as in Run A, the 
radioactive oil was replaced with non-additive oil as in 
Run B, and the test continued for 22 hr with a spring 
load of 225 Ib. 

The results shown in Fig. 10 quite accurately reproduced 
Fig. 7 with respect to the relative tappet positions in the 
tester and tappet surface treatments. However, the film 
formation during Run C was on the average 22% greater 
than in Run A. This suggests that a systematic variation 
of some controlled variable had occurred. 

The stability of the EP film with respect to dynamic 
abrasion in oil containing no additive is also shown in 
Fig. 10. After replacement of the additive oil in the tester 
with base oil, there was rapid abrasion of the film removing 
7% during the first 10 min. of operation. The abrasion 
rate decreased, i.e., a total of 20% of the film was removed 
in 22 hr. The dynamic abrasion of this film in non-additive 
oil was less than was expected from the low speed and load 
results (Run B, Fig. 9), where 20% was removed in 10 min. 
and a total of 40% in 2.7 hr. This indicates that the film 
formed under high speed and load was more permanent 
(less easily abraded) than that formed under conditions of 
low speed and load. This is probably due to the fact that 
a greater portion of the film formed under high speed and 
high load conditions has been converted to an inorganic 
compound, which would be expected to be more resistant 
to abrasion. These limited abrasion investigations indicate 
that only a moderate amount of the EP film was removed 
by abrasion and that it was continually replenished in 
dynamic operation using an additive oil. 
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Fic. 9. Tappet film formation in dynamic test, showing stability 
of film. Solid line — phosphate-coated tappets. Broken line — 
untreated tappets (910 rpm, 95 lb, 200 F). 
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Fic. 10. Tappet film formation in dynamic test, showing stability of 
film. Solid line — phosphate-coated tappets. Broken line — un- 
treated tappets (1750 rpm, 225 lb, 200 F). 
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Fic. 11. Autoradiographs of cams and tappets from high speed 
and load run (refer to Fig. 6 and 7). 





Fic. 12. Autoradiographs of cams and tappets from low speed 
and load run (refer to Fig. 8 and 9). 
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Conclusions 


A radioactive tracer, P®*, synthesized into zinc dialkyl 
dithiophosphate molecules has been successfully used in the 
study of the EP films formed on cast iron cam and tappet 
surfaces by this additive. The tightly bound films, which 
contain phosphorus and zinc, formed rapidly and 
approached steady-state values in both static and dynamic 
tests. The amount of film increased with oil temperature 
(200 to 300 F) and with available surface area. The effect 
of chemical pretreatment of the metal, e.g., phosphating on 
film formation requires further investigation. The composi- 
tion of these chemically bound films varied with conditions 
of film formation. The amount of zinc in these films is in 
general agreement with the values of Furey and Kunc (3). 
Preliminary chemical tests indicated that the phosphorus 
in the films may be in the form of a phosphate and/or 
phosphide. Additional conclusions about the structure 
of these films must await investigations of the iron, sulfur 
and oxygen content of the films. 

Although static tests are useful for screening the film 
forming properties of EP additives, dynamic tests are more 
important in the evaluation of the films. Dynamic conditions 
greatly increased the amount of EP film formed, indicating 
that surface temperature, pressure or wear had marked 
effects on film formation. This is in agreement with 
Borsoff and Wagner (4) who found the highest concentration 
of sulfur (from dibenzyl disulfide) on the high pressure areas 
of spur gears. 

In actual use, an EP film should be replenished as it is 
worn off the rubbing surfaces. Our results indicated that the 
film was maintained on the metal surfaces provided an 
adequate supply of additive was present in the oil. Further- 
more, the rate at which the film was worn off in a non- 
additive oil appeared to be slow enough to provide some 


protection against scuffing. Films formed under high load 
conditions were less easily abraded than those formed 
under low load conditions. Dynamic tests of longer duration 
are needed to evaluate fully the residual anti-scuff effect of 
these films in non-additive oils. 

In addition to using radioactive counting for the 
determination of films on flat surfaces (tappets) and 
autoradiographs for films on curved surfaces (cams), a 
counting technique was developed to determine the thermal 
stability of the compounded oil. A knowledge of the 
changes occurring in the oil at high temperatures is im- 
portant to the understanding of film formation and the 
elimination of spurious effects caused by precipitation of the 
additive. 
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Workpiece Compatibility of Ceramic Cutting Tools 
By M. C. SHAW! and P. A. SMITH? 


It is now well known that certain types of cemented carbides give excellent results when used to 
cut cast irons but poor results when used to cut steels and vice versa. This relative ability of a y 
given tool material to perform well when cutting a given workpiece material is referred to here 

as compatibility. 

Ceramic metal cutting tools have been in use in machining metals such a short time that it is 
not yet generally known on which materials these tools can be used to best advantage. In this | 
report the performance of ceramic and cemented carbide tools is compared when machining a 
wide variety of metals. It is found that there are certain metals for which either the surface 
chemical or thermal characteristics of ceramic tools are particularly advantageous. 

The report is concluded by a table which lists a large number of ferrous and nonferrous metals 

in order of decreasing compatibility with aluminum oxide tools. 





Introduction characteristics of representative ceramic and cemented 


Soon after, tungsten carbide cutting tools were introduced carbide tools will be compared under constant test 
in the late 1920’s it was found that the new tool material Conditions. 

was not equally advantageous for cutting all work materials. 
Scncliien sinaiee were peur cea eine most non- Test procedure and results . cae 
ferrous alloys and cast irons, while poor results were Clamped rectangular tools bits as shown in Fig. 1(a) 
experienced when cutting steels of all sorts due to rapid 
cratering. It was not until the late 1930’s that tungsten 
carbide tools containing additions of tantalum and titanium 
carbides became available, so that steels could be cut 
successfully with cemented carbides. During the past 
30 years cemented carbide tool compositions have been 
more or less standardized, and it is now generally known 
which grades of carbide will give best results when cutting 
a given material. 

Within the last few years ceramic cutting tools which are 
made by sintering finely divided aluminum oxide have been 
introduced commercially. These tool materials are harder 
and more brittle than cemented carbides and at the same 
time are more refractory (have higher softening tempera- 
tures). Ceramic tools have a lower thermal conductivity 
and quite different chemical properties from cemented 
carbide tools. It should consequently be expected that the 
tendency for this new material to weld to the surface of 
chips will be different from that for carbide tools, which 
in turn should result in different cutting force, chip forma- 
tion and tool wear characteristics for the two types of 
materials. 

While ceramic tools have already been tested in the 
workshop on a variety of workpiece materials, no systematic 
study has apparently been made to ascertain upon which 
workpiece materials the new tools hold the most promise. 

In this paper the cutting force and chip forming 











Contributed by the ASLE Technical Committee on Metal- 
working Fluids and presented at the Annual Meeting of the 
American Society of Lubrication Engineers held in Cleveland, 
Ohio, April, 1958. 

1 Professor of Mechanical Engineering, Mass. Inst. of Tech- 
nology, Cambridge, Mass. 

® Associate Professor of Mechanical Engineering, Mass. Inst. of B as - 
Technology, Cambridge, Mass. Fic. 1. Tool, tool holder and test arrangement used in this study. 


336 
































Workpiece Compatibility of Ceramic Cutting Tools 337 
TABLE 1 
Experimental Results 
Material Ib 
V 10-E r r in. 
Work Tool fpm Fp Fe FQ/Fp | in. lb/in? 1 2 R 
Steels 
AISI 1010 C-6 Carbide 400 510 375 .74 464 17 .20 a 
Ceram 400 380 225 59 345 .23 .27 Fe | 
Ceram 1000 360 175 49 328 30 .34 .25 
AISI 1210 C-6 Carbide 400 380 225 58 345 .25 .29 a 
Ceram 400 350 170 49 318 .29 .38 15 
Ceram 1000 320 135 42 291 36 46 a 
AISI 1117 C-6 Carbide 400 370 240 65 337 24 .32 re) 
Ceram 400 405 235 58 368 .32 .36 ee) 
Ceram 1000 385 230 .60 350 40 44 foe) 
AISI 1117 C-6 Carbide 400 320 170 53 291 34 42 2.5 
+ Pb Ceram 400 370 205 55 336 40 48 1.5 
Ceram 1000 375 230 61 342 46 50 1.5 
AISI 8620 C-6 Carbide 400 400 230 58 364 32 34 rs) 
Ceram 400 440 250 52 400 .37 42 re) 
Ceram 1000 390 180 46 356 43 49 © 
AISI 8620 C-6 Carbide 400 340 170 50 310 30 45 3 
+ Pb Ceram 400 410 230 56 372 42 51 15 
Ceram 1000 370 180 49 336 49 -60 a 
AISI 1144 C-6 Carbide 250 390 180 46 355 40 -50 15 
(0 Cu) Ceram 250 370 155 42 336 46 53 m | 
Ceram 500 350 140 40 318 53 61 15 
AISI 1144 C-6 Carbide 250 392 177 45 355 40 51 3 
(.04 Cu) Ceram 250 390 160 1 355 46 53 Zz 
Ceram 500 370 140 38 336 53 .62 R 
AISI 1144 C-6 Carbide 250 387 167 43 352 48 55 a 
(.20 Cu) Ceram 250 370 150 41 336 50 * .25 
Ceram 500 360 135 38 328 56 .67 a 
AISI 4140 C-6 Carbide 400 380 180 47 345 40 48 re) 
Ceram 400 425 200 47 386 43 51 © 
Ceram 1000 410 200 49 374 48 59 roe) 
AISI 4140 C-6 Carbide 400 380 170 45 345 41 52 = 
+ Pb Ceram 400 430 185 43 390 44 58 re 
Ceram 1000 430 205 48 390 .50 .67 15 
AISI 4150 C-6 Carbide 300 420 175 42 403 49 63 i 
HT + Pb Ceram 300 420 185 44 403 50 .70 .20 
Ceram 600 420 175 42 403 63 80 25 
AISI 4340 C-6 Carbide 150 500 280 56 455 .29 36 foe) 
Ceram 150 475 220 46 432 .32 39 .25 
Ceram 1000 420 165 .39 383 48 50 .25 
Cast Irons 
Grey Iron C-2 Carbide 300 250 150 -60 227 broken 
Ceram 300 230 120 52 209 * 
Ceram 1000 230 160 .70 209 = 
No. 2 Cast C-2 Carbide 300 280 150 54 255 se 
Iron Ceram 300 270 130 48 245 ra 
Ceram 1000 240 140 59 218 ‘ 
No. D2 Cast C-2 Carbide 300 350 190 54 318 - 
Iron Ceram 300 350 240 .69 318 sat 
Ceram 1000 325 320 99 295 & 
Non-Ferrous Metal 
Ti 110 AT C-6 Carbide 150 360 185 52 328 53 1.10 3 
Ceram 150 400 430 1.07 364 59 1.35 3 
Alum. C-6 Carbide 2000 146 44 30 133 64 91 15 
2024T4 Ceram 2000 155 54 35 141 .72 85 05 
Lead C-2 Carbide 1000 32 14 44 29 26 .26 3 
Ceram 1000 33 15 45 30 .26 .26 ©O 
Copper C-2 Carbide 200 480 310 65 437 12 13 x 
Ceram 200 540 330 61 490 mi | 11 a 
Silver C-2 Carbide 400 205 80 39 186 .30 34 3 
Ceram 400 210 98 47 191 33 37 3 
Ceram 1000 200 100 50 182 38 45 im 
Nickel C-2 Carbide 200 440 280 64 400 .26 .27 oe) 
Ceram 200 380 220 58 345 36 38 oe) 
Cobalt C-2 Carbide 200 320 215 .67 290 71 1.00 roe) 
Ceram 200 260 180 .69 237 81 1.30 3 
Beryllium C-2 Carbide 320 400 115 .29 364 59 89 - 
Ceram 320 a4 160 36 400 50 75 a 
C-2 Carbide 1000 400 idd 36 364 *56 84 Pe 
Ceram 1000 400 154 38 364 50 aa .25 
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measuring § x $ x 14 inches were used in all tests. 
The cutting geometry was held constant in all tests at the 
following values: 


back rake angle -7° 
side rake angle -7° 
end relief : i 
side relief 7° 


end cutting edge angle 15° 

side cutting edge angle 15° 

nose radius 0.03 in. 
The tool was clamped with zero setting angle in a two 
component strain gage lathe dynamometer as shown in 
Fig. 1 (b). The recorder provided traces of the tangential 
or power component of cutting force F p and the feed force 
component Fg. 

The cutting conditions in all tests were as follows: 


depth of cut 0.100 in. 

feed 0.011 ipr 

speed appropriate for work material 
cutting fluid none 


In each test cutting was continued until the forces 
reached equilibrium, and in no case was any visible wear 
land present. At least two independent runs were made at 
different times upon each work material and at each speed 
investigated. 

The averaged test results are given in Table 1. The 
quantity Fg9/Fp given in Table 1 is closely related to the 
ratio of tangential to normal force on the tool face. In 
general, more efficient cutting may be identified with a 
lower value of Fg/Fp. The quantity designated E is the 
energy per unit volume of metal cut in inch pounds per 
cubic inch, calculated as follows: 

Fp 
E= = [1] 
where Fp is the tangential component of cutting force, lb 
b is the depth of cut, in. 
t is the feed, inches per revolution (ipr). 
A decrease in E may generally be associated with an 
improvement in cutting conditions. 

The quantities 7, and r, are two values of chip thickness 
ratio. The first r, is obtained by dividing the undeformed 
chip thickness by the actual chip thickness f¢, as follows: 


The quantity r, is obtained from the weight of a chip 
we of length /, as follows: 


ytbl, 
1. => 





= [3] 
where y = specific weight of work material, lb/cu. in. 
b = depth of cut, in. 
t = feed, ipr 
A large value of r, is usually associated with improved 
cutting conditions. In practice 


niles [4] 
and the difference between r, and r, is a measure of the 
inhomogeneity of chip formation. A continuous chip of 
constant thickness will have equal values for r, and 15, 
while a chip that is partially continuous or has a rapidly 
fluctuating thickness will have a value of r, considerably 
greater than r,. When 7, is larger than r,, then a tendency 
to chatter exists due to the accompanying fluctuations in 
cutting force. 

The radius of curvature of the chips obtained is desig- 
nated R in Table 1. A larger radius of curvature corresponds 
to a larger tool-chip contact length. Improved surface 
finish is usually associated with a decrease in R due to the 
decreased size of the builtup edge. A decrease in R may 
correspond to an increase or decrease in the wear rate. 
While a decrease in R usually causes a decrease in the 
energy per unit volume £ and hence, of maximum tool 
temperature, the accompanying decrease in tool-chip 
contact length causes the maximum tool temperature to be 
closer to the cutting edge. These two opposing actions may 
result in either an increase or a decrease in tool wear rate 
depending upon which is predominant. 

The steels investigated are identified in Table 1 by their 
AISI numbers. Where lead is indicated as being present 
the amount corresponds to 0.15 to 0.35%. The AISI 4150 
steel tested contained lead and was heat treated to a brinell 
hardness of 321. 

The cast iron materials had the compositions and 
properties given in Table 2. Photomicrographs of these 
materials are also given in Fig. 2. 

The titanium and aluminum specimen tested were 
alloys as designated. The copper was of the electrolytic 




















= t cos Cs [2] tough pitch variety, while the lead was of commercial 
te quality. The silver, nickel and cobalt were deposited 
where C's = side cutting edge angle, deg electrolytically, while the beryllium was hot pressed 
t = feed, ipr material designated QMV. 
TABLE 2 
Cast Iron Materials 
Per cent Tensile 
Material Cc Si Mn Ni Cr Mg strength 
psi BHN 
Cast iron 2* 2.71 1.75 1.25 20.0 2.06 22,300 112 
Cast iron D2** 2.77 1.70 je | 19.5 2.05 0.10 52,200 159 
* As cast 


** Heat treated 5 hours at 1800 F and air cooled. 
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A Fic. 2. Photomicrographs of cast iron materials. (a) Uninoculated iron (No. 2), as cast B 
and tested. (b) Inoculated with magnesium (No. D2), as heat treated and tested. 


Steel results 


The following observations concerning the steels may 
be made from Table 1: 


1. Steels AISI 1010 and 1210 


The cutting forces, the energy per unit volume, the 
value of Fg/Fp, the values of chip thickness ratio, and the 
closeness of the r values are all more favorable for the 
ceramic tools. The chips produced with the ceramic tools 
are more tightly curled and hence, should break more 
easily. The difference between the carbide and ceramic 
data (400 fpm) for AISI 1010 steel is very nearly the same 
as the effect of the sulfur addition alone. (Compare carbide 
results for the 1010 and 1210 steels). The ceramic tool 
does not show quite as great an advantage over the carbide 
when cutting the sulfurized 1210 steel as when the un- 
sulfurized 1010 steel is cut. The performance of the ceramic 
tool is seen to increase as the speed is increased from 400 
to 1000 fpm. Representative cutting force traces are shown 
in Fig. 3, where the reduction in cutting forces due only to a 
shift to ceramic tool material may be clearly seen. 





Fic. 3. Cutting force traces for AISI 1010 steel cut using (a) 
C-6 carbide tool and (b) ceramic tool at 400 fpm. 


2. Steels AISI 1117 and 1117 + Pb 


This time the cutting forces and cutting energy are 
more favorable to the carbide tool. There is little difference 
in the Fg/Fp values, but the values of r, and r, and the 
difference between r, and r, are more favorable to the 
ceramic tool. The values of r, and r, are seen to be particu- 
larly close for the high speed ceramic tool tests. The color 
of the chips produced by the ceramic tool at 400 fpm were 
distinctly bluer than those from the carbide tool indicating 
a higher temperature for the ceramic tool chips. However, 
a higher temperature at the chip-tool interface need not be 
interpreted as an indication of a greater wear rate in this 
case, since the ceramic tool material is more refractory 
than cemented carbide. Representative force traces from 
the dynamometer are given in Fig. 4. Here, the larger 
forces associated with the ceramic tool may be clearly 
seen as well as the reduction in forces brought about by the 





Fic. 4. Cutting force traces for (a) AISI 1117 cut with C-6 

carbide tool, (b) AISI 1117 cut with ceramic tool, (c) AISI 1117 

+ Pb cut with C-6 carbide tool, (d) AISI 1117 + Pb cut with 
ceramic tool. In all cases the cutting speed is 400 fpm. 
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use of lead. Representative chips are shown in Fig. 5, 
where the fact that the ceramic tool gives thinner and more 
homogeneous chips may be clearly seen. The meaning of a 
small difference between r, and r, is illustrated by Fig. 5, 
and it should be evident that with this steel the ceramic 
tool should have a lesser tendency to chatter. 


A ancnnnnee”| 
B Sed 
Cc NS 
D we) 
Fic. 5. Chips corresponding to force traces 
of Fig. 4. Magnification, 6 x. 


3. Steels 8620 and 8620 +- Pb 


The results for these steels parallel those for the 1117 
steels except for the chip thickness ratio results. The cutting 
forces and cutting energy are again seen to be greater for 
the ceramic tool than for the carbide tool, but the ceramic 
results are seen to approach those for carbide at the highest 
cutting speed (1000 fpm). Chips of unleaded 8620 steel 
cut with both carbide and ceramic tools are shown in 
Fig. 6. Little difference in chip formation is evident in this 


A pe enue Sm 
B Fic. 6. Chips of AISI 8620 produced (a) with C-6 


carbide tool and (b) with ceramic tool. Cutting speed, 
400 fpm in both cases. Magnification, 6.5 x. 





instance. However, in both cases an interesting periodic 
tendency for the chip to become segmental is evident. 
The two frequencies involved here are as follows. 


Frequency corresponding to distance between individual 
cracks = 1900 cps. 

Frequency corresponding to distance between groups of 
cracks = 125 cps. 


4. The 1144 Steels 


The energy per unit volume E appears to be only slightly 
less for the ceramic tools in this case, while the values of 
Fg and Fo9/Fp are more clearly less and the values of r 
greater for the ceramic tool than for the carbide tools. 
It would appear that machining characteristics slightly 
favor the ceramic tool at 400 fpm and more distinctly 
favor this tool at 1000 fpm. In these tests copper appears 
to have a small beneficial effect with regard to forces and 
chip formation. 


5. The 4140 and Heat Treated 4150 Steels 


Forces and energies are seen to be slightly higher for the 
ceramic tools in these cases. Chip formation appears to be 
slightly better (as reflected by larger values of r and a 
smaller r, — r, difference) for the ceramic tools. The large 
influence that lead has upon the cutting forces in the case of 
lower carbon steels (AISI 1117, for example) is not evident 
for this steel, and about the only influence lead is seen to 
have here lies in an increased tendency for the chip to 
curl. This tendency does not, however, seem to be in- 
fluenced by the tool material. The results for the heat 
treated 4150 closely parallel those for the 4140 steels 
tested. 


6. AISI 4340 Steel 


The force and energy values are less with the ceramic 
tool than with the carbide tool for this steel, particularly 
at high speed. Chip curvature and chip formation also 
appear to be somewhat better for the ceramic tool. For this 
steel it appears unusually advantageous to use a ceramic 
tool at high cutting speeds. In Fig. 7 cutting force traces 
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Fic. 7. Cutting force traces for AISI 4340 produced (a) with 
C-6 carbide tool at 150 fpm; (b) with ceramic tool at 150 fpm; (c) 
with ceramic tool at 1000 fpm. 


for the carbide and ceramic tools may be compared as 
well as traces for a ceramic tool operating at high and low 
speeds. Chip photographs corresponding to the force 
traces of Fig. 7 are shown in Fig. 8. Use of a ceramic tool 
at low speed (150 fpm) is seen to give greater chip curvature, 
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A B 
Fic. 8. Chips corresponding to force traces of Fig. 7. Magnification, 6 x . 


but does not tend to produce a homogeneous chip (the 
r, — 1, difference is about the same for carbide and ceramic 
at 150 fpm). An increase in cutting speed from 150 fpm to 
1000 fpm tends to make the chip deform more homo- 
geneously. 


Cast iron results 


The forces, energies and Fg/Fp values were less when 
the grey iron and the uninoculated cast iron were machined 
with a ceramic tool. The inoculated cast iron behaves more 
like steel than cast iron when being machined at the lower 
speed (300 fpm), and the carbide tool is seen to have the 
better machining characteristics. When the inoculated 
iron is machined at 1000 fpm, the results are particularly 
bad with regard to the Fg force. Ceramic tools appear to be 
particularly attractive for use on uninoculated cast irons at 






i es se : 7 ? em : Time —— ¥ 3 Pot : 
Fic. 9. Cutting force traces for (a) uninoculated cast iron (No. 2) 
cut with C-2 carbide tool at 300 fpm; (b) uninoculated cast iron 
(No. 2) cut with ceramic tool at 300 fpm; (c) cast iron (No. 2) 
cut with ceramic tool at 1000 fpm; (d) inoculated cast iron (No. D2) 
cut with carbide tool at 300 fpm; (e) inoculated cast iron (No. D2) 
cut with C-2 ceramic tool at 300 fpm; (f) inoculated cast iron 
(No. D2) cut with ceramic tool at 1000 fpm. 








conventional and higher speeds. It is also expected that 
ceramic tools will give results that are no more attractive 
when machining inoculated cast iron at conventional 
speeds than those obtained when steel is machined with a 
ceramic tool. However, unlike the situation for steel, 
use of a ceramic tool in machining an inoculated cast iron 
at high speeds is particularly bad. Representative cutting 
force traces for the uninoculated and the inoculated cast 
irons are given in Fig. 9. 


Non-ferrous results 
1. Titanium Alloy 

With regard to Fg and F9/F p, a ceramic tool is obviously 
a poor choice for machining a titanium alloy. The force 
traces for carbide and ceramic tools cutting Ti 140A are 
given in Fig. 10. It is of interest to note the slowness 





ie tae # a i 
Fic. 10. Cutting force traces for Titanium alloy Ti 140AT cut 
at 150 fpm with (a) C-2 carbide tool and (b) ceramic tool. 


with which force Fg for the ceramic tool builds up, and 
the large amount of fluctuation evident in all of the titanium 
alloy force traces. Titanium chips are very inhomogeneous, 
particularly when machined with a ceramic tool, and this is 
also evident from the (r, — r,) differences. 


2. Aluminum Alloy 2024-T4 


From all points of view, except for the (r, — r,) difference, 
the carbide tool is seen to be better for machining alu- 
minum than the ceramic tool. Due to the relatively low 
values of force and energy for aluminum there is less 
tendency to chatter than when steel is machined, and 
hence, the (r, — r,) advantage for the ceramic tool is in this 
case of less importance. 
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3. Lead 


The machining of lead appears to be identical with 
carbide and ceramic tools. Due to the very low forces 
associated with the cutting of lead, a high speed steel tool 
with large rake angle should give better results than either 
a ceramic or carbide tool when machining lead or a lead 
alloy. 


4. Copper 

The forces and energy are 12% greater for a ceramic 
tool than for a carbide tool and hence, there appears to be 
no advantage to using a ceramic tool in this instance. 


5. Silver 


While the energy per unit volume E is about the same 
for the ceramic and carbide tools, the values of Fg and 
FQ9/F p are over 20% higher for the ceramic tool than for the 
carbide. 


6. Nickel 


The cutting energy, cutting forces, Fg/Fp and chip 
thickness ratio values all strongly favor the ceramic tool 
when nickel is machined. Representative force traces for 
nickel are given in Fig. 11 and chip photographs are shown 





Fic. 11. Cutting forces traces for nickel cut at 200 fpm with (a) 
C-2 carbide tool and (b) ceramic tool. 


in Fig. 12. The chip thickness ratio is 25° greater for chips 
produced using the ceramic tool than those coming from the 
carbide tool. 


7. Cobalt 


The cutting forces and cutting energies are less for cuts 
made using the ceramic tool than those made with the 
carbide tool. The difference between r, and 1, is large for 
cobalt, but this may be circumvented by increasing the 


cutting speed to about 1000 fpm as when cutting with the 
ceramic tool. 


8. Beryllium 


The forces are seen to be greater and the chip thickness 
ratios smaller when beryllium is machined using a ceramic 
tool than when a carbide tool is used. Chip photographs 
produced using carbide and ceramic tools cutting beryllium 
at 320 fpm are shown in Fig. 13. The greater thickness 
of the chip from the ceramic tool and the greater spacing of 
active shear planes for this chip are evident in Fig. 13. 





Fic. 13. Beryllium chips cut at 320 fpm (a) with C-2 carbide tool 
and (b) with ceramic tool. Magnification, 5.5 x. 


Discussion 


The metals investigated here may be arranged according 
to their compatability with ceramic tools as shown in 
Table 3. Nickel is seen to head the list since it was far 
more efficiently cut with a ceramic tool than with a carbide 
tool. Titanium alloys are found at the bottom of the list 
since they gave the poorest results with ceramic tools. 


TABLE 3 
Ceramic Tool Compatibility Chart 





Excellent Nickel 

> Cobalt 

Grey Cast Irons 

Steels and Inoculated Cast Irons 
Lead 

Silver 

Copper 

Aluminum 

Beryllium 

Poor Titanium 








The materials near the bottom of the list are those which 
have a strong affinity for oxygen, and hence, are materials 
which should tend to form a strong bond with an oxide 





Fic. 12. Chips corresponding to force traces of Fig. 11. Magnification, 5 x . 
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surface. In fact, titanium and aluminum are so efficient at 
reacting with oxygen that they are used as deoxidizers in 
steel making. Copper and silver also form oxides which are 
not particularly good lubricants. 

In some instances the poorer thermal properties of the 
ceramic tool, which give rise to higher chip temperatures, 
seemed to play an important role in the performance of this 
material. This was the case when machining beryllium. 
As may be seen in Fig. 13 the chip produced using a carbide 
tool had many more strongly active slip planes than the 
chip produced with the ceramic tool. The greater chip 
temperature associated with the ceramic tool apparently 
made some of the many imperfections in the beryllium 
inactive and resulted in there being fewer active slip planes, 
thicker chips, and consequently higher cutting forces. 
Beryllium appears to machine better at lower temperatures, 
because then it yields an almost discontinuous chip with 
small strain that somewhat resembles a cast iron chip. 
Use of a ceramic tool in machining beryllium is unattractive 
and it appears that this material might best be machined at 
relatively low speeds and with the aid of a powerful coolant 
such as liquid carbon dioxide. 

In some instances (AISI 1010, 1110, 1144 and 4340 
steels) cutting forces for steel were lower when using a 
ceramic tool than when a carbide tool was used, while in 
other cases (AISI 1117, 8620, 4140, 4150 HT) the reverse 
was true. The ceramic results for the steels were in all 
cases much improved at high cutting speeds, but this 
was not the case for the inoculated cast iron. With regard 
to steels it must be stated that all analyses do not behave 
the same toward ceramic tools. The reason for the observed 





wide fluctuations in relative cutting forces for carbide and 
ceramic tools with steel analysis is not as yet known. 
For all steels the chip thickness ratios were greater for the 
ceramic tools than for the carbide tools. 

The graphite in grey cast iron may be better able to 
spread over a ceramic tool face than over a carbide tool 
face. This would be in agreement with Ref. (1) where it was 
observed that graphite was a good lubricant only at 
temperatures below the water desorption temperature 
(which is too low to be of interest here) and above tempera- 
tures where an oxide was quickly formed on a clean metal 
surface. This result infers that graphite is a more effective 
lubricant on an oxide surface than on a clean metal surface, 
and would be in agreement with the observed superior 
performance of ceramic tools when cutting grey cast iron. 

Since tool face temperatures are unusually high when 
machining titanium alloys due to the poor thermal properties 
of these alloys, it was thought interesting to try ceramic 
tools, because of their refractory character. However, tool 
life values were found to be extremely short when titanium 
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Fic. 14. Variation of tool life, T (total destruction of tool) with 
cutting speed, V for ceramic and C-6 carbide tools having geometry 
of this investigation, when cutting AISI 4340 steel (after Ref. 4). 
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Fic. 15. Variation of tool life, T (0.010 in. wear land) with cutting 
speed, V for dry cutting tests on (a) grey cast iron of 190-210 
brinell hardness (solid curves) and (b) AISI 1045 steel of 200 
brinell hardness (dotted curves) cut using tools having the 
following ASA geometry: 














C-2 
Tool Dimension Carbide Tool Ceramic Tool 
Back rake angle, deg. 0 —2 
Side rake angle, deg. 7 -2 
End relief angle, deg. 7 3 
Side relief angle, deg. 7 3 
End cutting edge angle, deg. 14 3 
Side cutting edge angle, deg. 0 45 
Nose radius, in. ay A 


In all tests the feed rate was 0.016 ipr and the depth of cut was 
0.160 in. (after Ref. 5). 
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alloys were machined with ceramic tools (2). The reason 
for this is apparently a chemical one, and due to the 
very strong tendency for freshly cut titanium to weld to an 
oxide surface. Relatively poor results are also experienced 
when titanium alloys are ground with aluminum oxide 
grinding wheels (3). 

Attempts that have been made to machine aluminum 
alloys with ceramic tools have not been entirely satisfactory 
with regard to tool life, and this is probably also due to the 
strong tendency for clean aluminum to adhere to an 
oxide surface. 

Ordinary steels are normally found to give a better tool 
life with a ceramic tool than with a carbide tool at high 
cutting speeds, but a poorer tool life at lower cutting speeds. 
Figure 14 illustrates this trend. These tool life curves 
correspond to total tool destruction and are for the tools 
and 4340 work material referred: to in Table 1. Tool life 
plots for steel cut with a ceramic tool are generally found 
to be more curved than equivalent plots for carbide tools. 
Ceramic tools have been used successfully to machine heat 
treated steels of unusually high hardness. In such instances, 
the ceramic tools behave well at relatively low cutting speeds 
(200-400 fpm). 

Ceramic tools are found to give a particularly good tool 
life when machining grey cast irons and the curves shown 
in Fig. 15 demonstrate this fact. Here it is evident that the 
ceramic tool gives a far better tool life than the carbide 
tool at all cutting speeds investigated. Similar tool life 
data for an AISI 1045 steel are also included in Fig. 15 
and these data are seen to be similar to those of Fig. 14 
for the AISI 4340 steel. The improvement in tool life is 
seen to be far greater for the cast iron than for steel, a result 
which is in agreement with the compatibility chart of 
Table 3. 
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DISCUSSION ON 
A Fundamental Study of Synthetic Sapphire as a Bearing Material‘ 


By L. F. COFFIN, Jr. 


E. RaBINowIcz?: This paper is a valuable contribution to 
a subject that is becoming of ever increasing importance, 
namely, the frictional properties of refractory oxides. The 
conclusion that aluminum oxide does not weld to clean 
metals is the same as that of Nadeinskaya*, who found that 
when cutting metals with ceramic tools no ceramic particles 
adhered to the chips. Dr. Coffin’s finding that friction 
increased when the sliding couple became oxide on oxide 
rather than metal on oxide is an important extension of the 
principle that like materials produce more severe sliding 
conditions than unlike materials. 

Faced with the enormous amount of empirical friction 
information available, we must all encourage and support 
attempts to find systematic criteria for predicting sliding 
conditions. The criterion of mutual adhesive strength 
seems a very reasonable one as long as the strength is 
referred to the temperature of the sliding interface: however, 
I cannot believe that the actual values used in the paper, 
obtained at temperatures which differ from the sliding 
temperature by close to 1500 C, can usefully enable us to 
discriminate between one metal and another, and indeed 
no such use has been made of the tabulated surface tension 
data. Surely properties of the solid metal such as crystal 
structure and lattice imperfections which do not enter 
into the metal’s surface energy in the molten state, must 
help to a considerable degree in determining the frictional 
properties of the metal when it constitutes a solid sliding 
surface. 

W. E. Campset!: Dr. Coffin has contributed convincing 
evidence, in earlier work, in favor of the idea that metal 
couples having no alloying tendencies show low wear. 
His belief that a low tendency for surface reaction is an 
important criterion in selecting sliding couples of good 
wear characteristics is therefore sound. That the work of 
adhesion, as calculated from contact angles of liquid 
metals on solids, can be used as a primary criterion of 
wear resistance, rests on a much weaker basis. In the 
first place, work of adhesion is a thermodynamic quantity, 
and will not predict rates of reaction, which are certainly 
involved at a sliding surface. For example, in the case of 
nickel sliding on sapphire, the rate of oxidation and the 





1 Published in ASLE Transactions v. 1, n. 1, April, 1958. 
2 Mass. Institute of Technology, Cambridge, Mass. 


3 NADEINSKAYA, U.S.S.R. Conference on Peaceful Uses of 
Atomic Energy, Technical Science, AEC, 1956, pages 85-95. 


* 2745 Edgehill Road, Cleveland, Ohio. 


5 L. F. Corrin, Jr., General Electric Co., Research Laboratory, 
Schenectady, N.Y. 
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rate of reaction of nickel oxide with sapphire are both 
involved. Furthermore, the work of adhesion, calculated 
from the contact angle, is not always a good measure of 
surface reaction. Thus the work of adhesion for silver on 
iron, as pointed out by Prof. Machlin in discussion of one 
of Dr. Coffin’s earlier papers, would be very high, yet 
surface reaction indicated by friction behavior is low. 
Likewise, the strengths of adsorption of lauric and oleic 
acids on metals (high contact angles) would appear to be 
lower than that of mineral oils (low or zero contact angles), 
but the reverse is indicated by heat of wetting and boundary 
friction studies. Considering these facts, the single example 
given to support the theory that low work of adhesion, 
calculated from the contact angle between a liquid metal and 
a solid, will indicate low friction and wear between the 
solid metal and the solid, seems hardly sufficient. 

It is stated in the paper that water has no boundary 
lubricity for sapphire on nickel. From Fig. 2 it would 
appear that wear is appreciably less for operation in water 
than in air. Effectiveness of boundary lubrication is 
generally judged by the improvement in wear characteristics 
produced by an environment, when hydrodynamic effects 
are absent, compared to that of air. By this criterion, 
the water has definite boundary lubricity for sapphire on 
nickel, especially when outgassed, even though it is less 
effective than helium. 

The example of reversible friction changes of nickel on 
sapphire on decreasing and increasing temperature in 
helium is extremely interesting, since this appears to be 
another good example, as is the adsorption of water vapor 
and other gases on carbon, of good boundary lubrication 
being produced by physical adsorption. It is to be hoped 
that the author will have an opportunity to study this 
effect in greater detail. 


AuTHor’s CLosure’: The author would like to thank 
Professor Rabinowicz and Dr. Campbell for their discussion 
concerning this paper. Both discussors take issue with the 
significance of the contact angle and the work of adhesion 
calculated therefrom as a measure of the sliding character- 
istics of a metal-ceramic couple. Some concluding remarks 
with respect to these discussions are, therefore, in order. 

With the present state of knowledge, if one desires to 
determine how a particular combination of materials will 
behave under sliding conditions, about the only recourse 
is to make the experiment. While this is the ultimate proof, 
nevertheless it would be highly advantageous to predict 
in advance whether the particular couple is a desirable one. 
We have no rules for making this kind of a judgment and 
the present paper is an attempt in this direction. From a 
simplified point of view, there are two pertinent factors 
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regarding the sliding between mating materials, one being 
the degree of adhesion existing between the two surfaces, 
the other being the minimum shear strength either of the 
junction or the base materials. The present paper deals 
principally with the problem of the adhesion and little 
attention has been given to the shear strength of the 
material. Therefore, Professor Rabinowicz’s comments are 
indeed in order. The solid strength of the interface material 
is important and must also be factored into an evaluation of 
the sliding characteristics. The work of adhesion can then 
be considered as a necessary but not a sufficient condition 
for determining these characteristics. 

With respect to Professor Rabinowicz’s introductory 
statement that aluminum oxide does not weld to clean 
metals, it should be pointed out that this is only true for 
certain kinds of clean metals since it has been established 
by experiment that the more reactive metals such as titan- 
ium and zirconium do indeed smear onto this material 
under sliding conditions. 

With respect to Dr. Campbell’s comments, the author 
agrees that reaction rates are extremely important and 
these cannot be predicted by the work of adhesion. The 
investigation of this on the nickel-aluminum oxide couple 
would be extremely interesting. The author would take issue 
with Dr. Campbell with respect to his interpretation of 
Professor Machlin’s comments concerning the sliding 
experiments of silver and iron. Professor Machlin reports 


a contact angle of 50° for this couple, which is very high 
as far as metal-metal systems are concerned, and thus 
one would expect to find a lower work of adhesion for this 
system than those in which the contact angles were 
essentially zero. This, then, falls in line with the lack of 
solid phase welding observed for this couple. Further it 
does not seem pertinent to introduce the behavior of 
various liquids on metal surfaces as an argument against 
the contact angle concept unless the sliding characteristics 
of these liquids in their solid form are compared against 
those metals used in the contact angle experiments. 

With respect to Dr. Campbell’s comment concerning the 
boundary lubricity of the nickel-sapphire couple in water, 
this is perhaps a question of definition. Boundary lubricity 
generally refers to the behavior of a couple in a liquid 
environment when the sliding conditions are non-hydro- 
dynamic. In determining the degree of lubricity, one must 
compare the behavior of the couple in two different fluid 
environments. To use air as a base in this measure then does 
not seem too reasonable. On the other hand, if a gaseous 
environment is chosen as a base, helium would be 
preferable because of its inertness to adsorption. If one 
compares the sliding characteristics of the nickel-sapphire 
couple in water versus helium, one finds that the sliding 
characteristics in water are poorer than in helium. The 
matter can be settled quite easily by agreement on 
definitions. 
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